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Abstract
The cutting of Berry’s Canal in 1822 between the Shoalhaven River and the Crookhaven River
system has significantly contributed to the erosion of the Comerong Island Nature Reserve
banks. Since the excavation of Berrys Canal in 1822 and the semi‐permanent closure of
Shoalhaven Heads, Berrys Canal is now the main pathway for both river and tidal flows for the
Shoalhaven River. This intensification of hydraulic forces has created a river system that is
unstable. This thesis demonstrates that engineering in estuaries can have unpredictable long‐
term impacts on levels of erosion, tidal circulation and intensifying flood and ebb patterns.
This paper aims to analyse the evolution of Berrys Canal through historical records and
contemporary case studies to assess the recent dynamic channel adjustments. The causes of
erosion in Berrys Canal are complex and have been identified as predominantly fluvial and
tidally scoured. However thalweg location, riparian vegetation and bank material type are
influencing erosion resistance and forcing variables. Currently a decrease in the rate of erosion
suggests Berrys Canal is adjusting towards a dynamic equilibrium point. Whilst gradual
decreases in rates of erosion in the Berrys Canal may reflect an evolving state of equilibrium, it
is however unlikely to reach stability for some decades, if not centuries to come.
Through understanding the driving forces and resistance variables influencing the evolving
morphology of Berry’s Canal, NPWS can make informed decisions regarding its bank
management strategy for Comerong Island nature reserve.
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Chapter 1 – Scope of thesis
1.1 Introduction
The effort to exploit and control natural systems by humans, often introduces instability into
nature’s dynamic environment (Goudie, 2006). This is a common occurrence on the east coast of
NSW, Australia, where Wallis Lake, Wagonga Inlet, Narooma and Lake Macquarie estuary
systems were engineered to optimise their commercial value (Nielson and Gordon, 2011). The
consequence, however, was unstable estuary systems that have an estimated recovery period in
the order of centuries.
Similarly the engineering of Berrys Canal on the south east coast of NSW has in the past been
found to cause instability in the system and therefore erosion of its adjoining banks (Public
Works Department, 1988 and Shoalhaven City Council, 2005). Since its excavation the channel
has enlarged scouring its bed and banks. Initially this was encouraged through dredging and the
construction of an entrance breakwater at Crookhaven Heads. However, eventually rock walls
were constructed (which have been subsequently degraded by erosion processes) in order to
curb the erosion processes. In spite of these efforts Berrys Canal is now the primary pathway for
the Shoalhaven River and enters the ocean at Crookhaven Heads. Shoalhaven Heads are closed,
only opening during times of significant flood.
Comerong Island adjoins Berrys Canal and six hundred and sixty hectares of the Island is now
designated as a National Parks and Wildlife Services (NPWS) Nature Reserve. Berrys Canal runs
parallel to a large portion of the Nature Reserve. The NPWS are concerned that if the net erosion
continues to occur along Berrys Canal they will lose a significant amount of nature reserve. This
thesis will focus on determining the stability of Berrys Canal and aims to calculate the trend
towards system adjustment to the original disturbance. If the system is found to still be
unstable, the determination of the erosion forcing variables will help inform the NPWS on how
to best manage the Comerong Island nature reserve. Additionally, if the system is unstable, this
thesis will provide evidence of the long recovery periods associated with the engineering of
estuary systems.

11 | P a g e

1.2 Aims
The primary objective of this thesis is to determine the stability of Berrys Canal and the likely
pattern of development it will follow into the future. This study will provide critical information
to the NPWS so that they may manage Comerong Island Nature Reserve.
The aims of this thesis are to:


determine whether significant erosion is currently occurring along Berrys Canal;
establish the amount and pattern of erosion through space and time.



identify the processes causing the erosion and their origin or location in relation to the
study area, and



apply a systems approach to evaluate what stage the system is in reaching a new
equilibrium and what system trends are currently observable.

1.3 Thesis outline
The following chapter outlines the regional setting, including the evolution of the Shoalhaven
region and the resulting morphostratigraphy, soil landscapes, climate, biological values and
current landuses. In chapter three, a detailed analysis of systems theory, deltaic estuary’s form
and process, methods of change in systems, anthropogenic influences on natural systems and
limitations of photogrammetric analysis is undertaken. The methods of system change and
recovery rate analysis are revealed in chapter four, and chapter five lays out the results. Chapter
six discusses the implications of the results for system stability and recovery, and analyses the
strengths and limitations of this thesis study.
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Chapter 2 – Regional setting
2.1 Introduction
Berrys Canal is located approximately 50 km south of Wollongong and approximately 15 km
east of Nowra (Figure 1) (National Parks Wildlife Services, 1998). It is a channel that connects
the Shoalhaven River to Crookhaven Heads. In 1985 Berrys Canal was estimated to be 200 m
wide according to a 2004 aerial photograph analysis it now ranges from 200 m to 400 m in
width and is roughly four kilometres in length from O’Keefes Point to Greenwell Point (Figure 1)
(Public Works Department, 1988 and Land Property Management Authority, 2004).
The location and boundaries of the study area are displayed in Figure 1. The study area was
defined as the extent of Berrys Canal that adjoins the National Park Nature Reserve on
Comarong Island (Figure 1). While this area is the focus of the study, influencing variables
external to the study area will be considered in this thesis.
Berrys Canal is part of the Shoalhaven Estuary, which is the endpoint of the Shoalhaven River.
The Shoalhaven River is the largest coastal river system in NSW south of Sydney. Its catchment
is 7,300 square kilometres (Figure 2) (Public Works Department, 1988). The river traverses
300 km before entering the Tasman Sea (Thompson, 1999). The Crookhaven River, which runs
parallel with the Shoalhaven River to the south, is comparatively smaller, extending only 15 km
before meeting the sea (Thompson, 1999).
The extensive floodplain between Berrys Canal and the Shoalhaven River was once a large
Barrier Estuary system that has infilled over time and is now in a mature stage of estuarine infill
as fluvial sediments are now delivered directly to the ocean (Roy, 1984). Immediately prior to
when the canal was constructed in 1822, the Shoalhaven and Crookhaven Rivers operated as
two separate systems. In the past, however, the two systems were joined in a similar way to
present via a paleochannel that ran parallel to the ocean and entered the sea at Crookhaven
heads as it does now (Figure 3) (Umitsu et al., 2001). Today the Shoalhaven River primarily
discharges to the ocean via Crookhaven Heads and sporadically discharges at Shoalhaven Heads
during large flood events.
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Ferry Crossing

LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Figure 1. Study area map. Note the location of study area in relation to Australia, O’Keefes Point, Ferry Crossing, Apple
Orchard Island, Berrys Canal, Comerong Island, Crookhaven and Shoalhaven Heads and the National Parks Nature
Reserve Tenure.
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Figure 2. The extent of the Shoalhaven River catchment including its tributary channels (Shoalhaven City Council,
2005).
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2.2 Evolution of the Shoalhaven Region
Approximately 80 to 60 million years ago, rifting and seafloor spreading on the east coast of
Australia caused slow uplifting to form the south coast escarpment and highlands (Hayes and
Ringis, 1973). It was at this point in time, that the Shoalhaven River began to flow eastward and
started incising into the lithologic layers of the area, carving a path to the east coast using
weaknesses in the rock structure. This process of erosion occurred throughout the Paleogene
and Neogene (66 to 2.59 Ma) and delivered material to the continental shelf.
During the Pleistocene Epoch (2.59 Ma to 11.5 ka) the sea level fluctuated and prior to the
present, Holocene interglacial, sea level was up to 125 m below its current level (Sloss et al.,
2007). The reasonable stable sea level that has been present since the beginning of the Holocene
(7900‐7700 years ago) enabled the Shoalhaven Estuary to form. This rise in sea level drowned
some of the Shoalhaven River valley and formed a barrier across the Shoalhaven River entrance
with marine sediments. The fluvial materials such as muds and fine sands were trapped
landward of this barrier. These sediments began to infill the Shoalhaven Estuary and this
process has continued, giving rise to the present coastal landscape (Figure 3) (Roy, 1984).
Comerong Island is dominated by Floodplain Comlex, Upper tidal plains, beach, beach ridges
and sand dunes (Umitsu et al., 2001). The paleochannel that traversed Comerong Island, parallel
to the present beach ridges and sand dunes, is evident in Figure 3 as former river channels.
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Figure 3. Landforms of the Shoalhaven River deltaic‐estuarine plains. Note the paleochannel that runs parallel to the
shoreline across Comerong Island marked as former river channels. (Umitsu et al., 2001)
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2.3 Morphostratigraphic setting
The current geological setting of Berrys Canal has resulted from a legacy of environmental
changes, most notably sea level rise. The Shoalhaven Estuary and floodplains are comprised of
Quaternary geology which are bound and underlain by Permian geology (called the Shoalhaven
Group) (Wright, 1967). The Shoalhaven Group, from bottom to top layer, is comprised of the
Wandrawandian Siltstones, Nowra Sandstones, Berry Shales and Gerringong Volcanics
(comprised of Broughton Tuff, Westley Park Tuff, Blowhole Latite and Kiama Tuff).
The Wandrawandian Siltstones, comprised of siltstone and silty sandstone, are situated south of
the Shoalhaven River and outcrop as the southern headland at Crookhaven Heads (Figure 4)
(Rose, 1966). The Nowra Sandstones, consist of quartz sandstone, overlay the Wandrawandian
Siltstones and commonly outcrop around the Nowra Township to the west of the study site
(Rose, 1966). The Berry Shales, composed of siltstone, shale and sandstone, cap the Nowra
Sandstone south of Nowra and boarder the Shoalhaven floodplains to the south. They also frame
the Shoalhaven Floodplains the north and are the primary component in the Shoalhaven group
that backs the Seven Mile Barrier (Rose, 1966). The Gerringong Volcanics layers back the Seven
Mile Barrier. (Rose, 1966; Wright, 1967). The resistant Permian geology frames the Quaternary
developed Shoalhaven River estuary system. The development of the Shoalhaven Estuary has
therefore been moulded by the Permian landscape, funnelling Quaternary geological
development into the Nowra region.
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Qal
Psw
Psn
Psb
Pbk

Alluvium, gravel, swamp deposits & sand dunes
Siltstone, silty sandstone, pebbly in part
Quartz sandstone
Siltstone, shale, sandstone – includes Megalong Conglomerate in NSW
Trachytic tuff with pebbly bands

Figure 4. Regional Geology of the area surrounding Berrys Canal (Shoalhaven City Council, 2005). Note how the
Permian geology frames the Quaternary geology.

2.4 Soil landscapes
Hazelton (1993) has mapped and defined the process of deposition of sediment throughout the
Shoalhaven. In the lower Shoalhaven estuary (within 4 km of the coast) the primary sediment
depositional processes were estuarine (including marine) and alluvial. The Holocene sediment
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deposits which have developed since the stabilization of the sea level approximately 7900‐7700
years ago are underlain by Pleistocene sediments between 4 and 5 m below 0 m AHD and are
comprised of oxidised clays to gravelly sands. The Pleistocene sediments influenced and
physically limited the subsequent estuarine infilling of the delta which occurred during the
Holocene. Holocene sediments are largely comprised of sand and some mud; these sediments
are derived from estuary and marine origins (Shoalhaven City Council, 2005).
More detailed analysis of the sediment composition of the south west section of Comerong
Island’s bank was executed by Thompson (1999); when carrying out a detailed analysis of
Comerong Island geomorphology. Auger holes 18, 19, 20, 21 and 22 revealed that the south
western bank of Comerong Island from midway in the study area to the southern end were
comprised of fine sand often underlain by sandy silt and then fine sand once more and at the
bottom of one there was medium sand (Figure 5 and 6).

Figure 5. Location of auger holes on Comerong Island collected by Thompson (1999). Note AH 18‐22 are placed along
the Berrys Canal bank.
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Figure 6. Auger holes 18‐22 originating from the south western bank of Comerong Island (Thompson, 1999). Note
that they are largely comprised of fine sand, sandy silt and medium sand.

2.5 Climate
The Shoalhaven Region average monthly rainfall is fairly uniform throughout the year ranging
from an average of 121.8 mm in March to an average of 69.5 mm in July. Less rainfall is
experienced in mid to late winter and early spring when compared to the rest of the year
(Bureau of Meteorology, 2012) (
Figure 7).

Mean Rainfall (mm)
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Figure 7. The average rainfall for the years 1960‐2012 at Greenwell Point Bowling Club (Bureau
of Meteorology, 2012).
Flood patterns in the Shoalhaven region tend to be frequent for a given number of decades and
then there are 15 to 25 year periods of no floods. The flood history for the Shoalhaven River
from 1860 to 1988 was collected by Public Works Department (PWD) (1988) and is displayed
in Figure 8.
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Figure 8. Flood data between 1860 and 1988 at Nowra Bridge (PWD, 1988)

It is beyond the scope of this study to analysis the relationship between rainfall and El Nino
Southern Oscillation (ENSO) patterns on the east coast of NSW and their relationship with
changes in the Berrys Canal morphology. However, it is interesting to note that the most
significant influence on rainfall on the south east coast of Australia is the ENSO phenomenon
(Kirkup et al., 2007). When the inter‐decadal oscillation of sea surface temperature over the
Pacific Ocean lowers the temperature of the tropical Pacific Ocean, the ENSO variability is
closely related to yearly rainfall variations and river flow on the east coast of Australia (Power
et al., 1999). This would be an interesting avenue to investigate in future studies.
The mean maximum temperature that is reached in Nowra at the Nowra Ran Air Station AWS
ranges from 29.3 °C in January to 17.5 °C in June (Bureau of Meteorology, 2012).The mean
minimum temperature that is reached ranges from 26.3 °C in February to 15.2 °C in June.
Wind speed over the year is distributed reasonably evenly, being slightly slower between
autumn and winter. The general wind directions are south, south easterlies and easterlies and
during the rare westerlies and north westerlies wind reaches its strongest readings of above 40
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km/h (Bureau of Meteorology, 2012). The coast of NSW is a microtidal environment, being
subject an average of 1.6 m tides (Wright, 1976).
The south coast of NSW is subjected to a constant swell from the Tasman Sea originating from a
south easterly direction (Wright, 1976). The wave regime is generally characterised as high
energy, reaching an average of 1.5 m 50% of the time (Sloss et al., 2007). During extreme storms
considerable wave heights of 16 m have been recorded and there are large wave periods
ranging from 10‐14 seconds (Davidson et al., 1999; Sloss et al., 2007). However, as stated
previously Berrys Canal is not at the shoreline and is protected by Crookhaven entrance
conditions due to the resistant southern headland and training wall. Conversely Shoalhaven
heads is unprotected and the wave set‐up creates a slightly higher water level of 0.2 m for
incident waves of 2‐3 m in height at this point (Posford et al., 1977)
Posford et al., (1977) found during times when Shoalhaven Heads are open; a net current
circulation pattern between Crookhaven Heads and Shoalhaven Heads. The circulation pattern
is driven by the higher water level at Shoalhaven Heads which allows the flood tide to dominate
at this entrance and eb b tide to dominate at the Crookhaven entrance thus creating a anti‐
clockwise circulation pattern. This circulation via Berrys Canal encourages a dominant ebb tide
through the canal and subsequent Shoalhaven entrance closure.
The flood tide at any river entrance transports more suspended sediment than the ebb tide due
to the shoaling that occurs at the river entrance on the sand bars. This process is emphasised at
Shoalhaven heads due to the unique circulation pattern at this location increasing siltation at
the entrance (Posford, 1977).
Due to the increasingly long periods that the Shoalhaven Heads is closed, Crookhaven heads and
Berrys Canal are now the main pathway for both river and tidal flows for the Shoalhaven River.
All flood and ebb tides travel this pathway except in times of flood or post flood when the
Shoalhaven Heads are temporarily opened.

2.7 Biological processes and values
The Shoalhaven Delta is heavily vegetated, primarily in the NPWS nature reserve on Comerong
Island which covers 660 ha of the Island (Thompson, 1999). The nature reserve has many
important flora and fauna species present. Thompson (1999) outlines the dominant
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environments along the south western bank of Comerong Island that adjoins Berrys Canal are
mangrove, saltmarsh and alluvial plain (Figure 9). Within the saltmarsh environments the
principal species were Samphire (Sarcocornia quinqueflora) and Sea Rush (Juncus kraussii) and
within the mangrove communities the primary mangrove species are Grey Mangrove (Avicennia
marina) and River Mangroves (Agiceras corniculatum) to a lesser degree (Thompson,
1999)(Figure 9). Mangrove communities along the NSW coast are considerably rare and
therefore these communities are of great scientific, ecological and aesthetic importance. Exotic
species

present

on

the

reserve

include

Lantana

(Lantana

camara),

Bitou

Bush

(Chrysanthemoides monilifera), Fire Weed (Senecio madagascariensis) and the African boxhorn
(Lycium feroci ssimum) (National Parks Wildlife Services, 1998).

Figure 9.The Comerong Island environments. Note that the primary environments along Berrys Canal are mangrove,
saltmarsh and alluvial plain (Thompson, 1999).
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Comerong Island is rare in the sense that it is one of only a few naturally vegetated delta
systems on the NSW coast (National Parks Wildlife Services, 1998). It has three important
habitat types that include tidal shallows, mangrove swamp and littoral forest (National Parks
Wildlife Services, 1998). The littoral forest is of significant value as it is the largest of its kind on
the south coast of NSW. The island houses rainforest habitat for a rare grey‐headed flying fox
(Pteropus poliocephalus) colony found on the southern coast of NSW. Comerong Island’s nature
reserve habitat as a whole supports a significant number of waterbirds and shorebirds that are
on the Threatened Species Act list (National Parks Wildlife Services, 1998). It is the southern‐
most location of the bar‐shouldered dove (Geopelia humeralis) and black bittern and is of
considerable importance as it is the fifth most essential estuarine system for waders on the NSW
coast (NPWS, 1998). Out of the 90 species of shorebirds or waders that the reserve supports 27
are present in international agreements of protection for their habitat. It is also a significant
migratory location for 6000 swans and ducks that vacate their highlands home during winter to
escape the cold on Comerong Island. Therefore the value and importance of nature reserve on
Comerong Island is derived from its unique representation of flora and fauna communities
(National Parks Wildlife Services, 1998).
The vegetation that shoulders Berrys Canal is considerably variable. Berrys Canal bank is
significantly more vegetated on its northern banks along the national parks nature reserve
(Figure 11) when compared to its southern banks where it shoulders mostly agricultural and
urban land (Figure 11). The northern bank of Berrys Canal is populated with several vegetation
communities. Other than cleared land covered in grasses, there are Casuarina Forest/Woodland,
Herbland/Sedgeland/Reedland and Mangrove Forest/Shrubland (Figure 10). Berrys Canal
south bank is characterised by agricultural and urban land use and has a limited presence of
Casuarina Forest/Woodland and Herbland/Sedgeland/Reedland communities (Figure 10)
(Shoalhaven City Council, 2002).
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Figure 10. The vegetation distribution surrounding the lower Shoalhaven River. Note the greater abundance of
vegetation on the northern bank of Berry Canal than the southern bank (Shoalhaven City Council, 2002).

Figure 11. The landuse classification for the land surrounding the lower Shoalhaven River. Berrys Canal shoulders
national parks, agricultural, urban and environmental protection zoned land (Shoalhaven City Council, 2002).
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2.5 Current landuse
Current land uses surrounding the study area involve agriculture, rural, environmental
protection, urban living and national park reserve (Figure 11). Areas are further marked as
SEPP14 areas as they are littoral rainforest which has been commonly cleared in the past for
coastal developments (Figure 12). The northern bank of the study area is national park land and
is heavily vegetated. Along the opposite bank of the study area the land is used for rural, urban
and environmental protection practices (Figure 11). The rural practices have resulted in the
clearing of the majority of this land. Urban purposes have lead to the clearing, developing and
engineering of this bank resulting in the entire section of this bank being protected by a rock
wall.
Comerong Island has retained 65% of its natural vegetation including tall forest, a rainforest
understory and mangrove communities (National Parks Wildlife Services, 1998). The Nature
Reserve which extends over 660 ha of the south east section of the Island was declared a nature
reserve in 1996 (Thompson, 1999). Within the reserve activities are restricted to recreation,
education and research motivated activities (Thompson, 1999). Oyster leases have been
maintained in Comerong Bay and in Berrys Canal (National Parks Wildlife Services, 1998).
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Figure 12. State Environmental Planning Policy No 14 – Coastal Wetlands (SEPP 14). SEPP 14 provides for the
preservation of coastal wetlands for their economic and environmental value (Shoalhaven City Council, 2002).

2.8 Historical outline
The presence of Aboriginal peoples on the south coast of Australia for 20,000 years prior to
European settlement has been proved through dating techniques (Davidson et al., 1999). They
have been located in the Shoalhaven region on seven mile beach and Comerong Island (National
Parks Wildlife Services, 1998). On Comerong Island middens have been found as evidence of
aboriginal inhabitance (National Parks Wildlife Services, 1998).
George Bass visited the Shoalhaven region in 1797 and after exploring for three days named the
river entrance Shoalhaven Heads due to its shallow nature (Shoalhaven City Council, 2003). In
the early 1900s Alexander Berry and partner were granted 10,000 acres in the Shoalhaven
region to look after 100 convicts (Posford et al., 1977). At this time the region was rich in cedar
forests and agricultural and grazing lands. The Shoalhaven and Crookhaven systems were
separate at this point by a 200 m sand spit (Posford et al., 1977).
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Due to the dangerous nature of Shoalhaven heads Alexander Berry ordered in June 1822 that
Hamilton Hume and three convicts cut a passage through the sandspit to join the Crookhaven
and Shoalhaven Rivers and allow transport upstream (Posford et al., 1977). The channel dug
was 191 m long and 5.5 m wide. It took 12 days to complete the excavation and it was the first
canal constructed in Australia (Turner, 1971). Berrys Canal was directly dredged in the late
1900s to allow steam ships to travel upstream to Nowra Wharf (Public Works Department
1988). Anthropogenic and natural factors have contributed to the subsequent widening of
Berrys Canal.

2.9 Previous studies
Numerous studies have investigated the Shoalhaven region and the evolution of the Shoalhaven
River (Sinclair et al., 1977; Public Works Department, 1988; Patterson et al., 2004; Webb et al.,
2004; Shoalhaven City Council, 2005). Due to the eroding nature of Berrys Canal and the
subsequent closure of the Shoalhaven Heads there has been a focus on the dominant factors
contributing to these processes, future outcomes and mitigation strategies.
The Shoalhaven City Council (SCC) (2005) has summarised the primary studies that have
investigated the erosion on the Shoalhaven River including Berrys Canal. Through its study it
identified the erosion of the canal banks has been due to undercutting and erosion at a rapid
rate. They concluded the primary cause of this erosion was tidal scour. Tidal scour has been
amplified by the circulation pattern that Posford et al., (1977) identified in their study.
Patterson (2004) identified several areas of greatest concern in terms of erosion. The Comerong
Island’s bank to Curries Creek entrance, Greenwell Point and Berrys Canal right bank between
O’Keefes Point and Numbaa Point. The left bank of Comerong Island is not mentioned but this is
likely due to the fact that this area is inhabited and therefore is not of primary concern to the
public.
The Shoalhaven City Council (SCC) (2005) identified the dominant areas of erosion. O’Keefes
Point is severely eroding, the Comerong Island bank within Berrys Canal and the bank between
O’Keefes Point and Numbaa Point is severely eroding in an uneven pattern along the canal.
Apple Orchard Island is severely eroding, Nobles Island is moderately eroding and Greenwell
Point bank has had little movement since 1901 (apart from the land reclamation after 1949).
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This is likely, however, as a result of the rock protection which has maintained the bank location
at Greenwell Point but has allowed the scouring of the intertidal flat.
Public Works Department (PWD) (1988) concluded that the lower Shoalhaven banks have a
stepped profile with near vertical banks above the mid tide level, horizontal nearshore platform
sloping to the foot of the channel. The PWD (1988) finds that the lower Shoalhaven River is
migrating southward, and is likely to have been happening prior to European settlement, but
suggests that Berrys Canal has encouraged the southward migration of the downstream portion
of the Shoalhaven River. The Canal accelerated the sharpening of the bend at O’Keefes Point by
progressively capturing and increasingly larger proportion of the freshwater and tidal flow.
Crookhaven heads are trained and therefore ensure continued opening while Shoalhaven heads
shoals. The prominent flood tide at Shoalhaven heads and ebb tide at Crookhaven heads
reinforces the shoaling of Shoalhaven heads, the scour of Crookhaven river entrance of Berrys
Canal through the circulation pattern that is created, interrupted only by a large flood event
opening Shoalhaven Heads periodically (Shoalhaven Heads being dominantly closed). Tidal
discharge goes through Berrys Canal at high velocities twice that of the Shoalhaven River
(Public Works Department, 1988). This causes bed scour due to the turbid nature of flow.
In PWD (1988) specific investigations were conducted into bank location change, thalweg
trends and channel shape in the form of changes in cross‐sections. These can be seen in
Appendix 2‐4. The PWD (1988) also collected channel cross‐sections, which can be seen in
Appendix 1.
2.9.1 Historical data
The PWD (1988) study collected historical maps of the Shoalhaven Region prior to the cutting of
Berrys Canal. Bank position data through time (Public Works Department, 1988) was collected,
however, it could not be georeferenced for comparison. It has therefore been included in
Appendix 2 for qualitative bank position comparison to earlier dates than are possible with
georeferenced data. Bank position from Office of Environment and Heritage (OEH) (Appendix 3)
was created through photogrammetry and was able to be georeferenced and therefore used to
compare bank positions from 1949, 1984, 1993 and 2002 to the 2012 bank location. The
distance of erosion over time and area between times of bank measurement was deducted from
this data.
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Channel Cross‐sections through time (Public Works Department, 1988, Public Works
Department, 1994) have been included in Appendix 1 and 4. The PWD (1988) cross‐sections
could not be georefrenced however they reveal the shape of the Canal bed through time. These
will be compared to the TIN created in this thesis. The PWD (1994) cross‐sections were used to
compare to 2012 channel cross‐sections. Though these only go back to 1982 they can also be
roughly compared to the PWD (1988) cross‐sections. Past thalweg positions were mapped
through time in PWD (1988) and will be compared to the 2012 thalweg position in this thesis.
2.9.2 Causes of erosion
The causes of erosion in Berrys Canal are complex and have been identified as predominantly
tidally scoured downstream in the Shoalhaven River and flood induced scour dominates
upstream of Bevan Island and the canal. However wind/boat waves, riparian vegetation and
bank material type are influencing erosion resistance and inducement variables (Public Works
Department, 1988).
The primary types of erosion in Berrys Canal have been identified as tidal current scour, tidally
induced seepage forces and meander development/location of thalweg (Shoalhaven City
Council, 2005). Patterson et al., (2004) identified that tidal current scour effect the lower bank
of Berrys Canal, undercutting the bank and eventually causing cantilever failure. Patterson et al.,
(2004) also recognised that tidally induced seepage forces operated by taking advantage of
cavities and notches being opened up by water drainage in the banks. It is the combination of
tidal and drainage forces that erode out and undercut the banks and eventually also cause
cantilever failure. Finally the PWD (1988) associated the thalweg with areas of significant bank
erosion. This occurred where the thalweg was close to the bank, eroding the underwater face of
the bank and the lower bank eventually undercutting and causing cantilever failure.
The Healthy Rivers Commission of New South Wales (HRC) (1999) concludes that the general
clearance of riparian vegetation throughout the estuary has contributed to enabling erosion in
the area. The SCC (2005) outlines that the tidally induced seepage forces combined with the
tidal forces induce undercutting in Berrys Canal. This is amplified in times of high flow and flood
resulting in flood current scour and flood induced slumping causing bank failure and severe
erosion in the canal (Shoalhaven City Council 2005)
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The above reasons do not explain erosion at times when Shoalhaven Heads is closed. Webb et
al., (2004) identified that wind waves have caused erosion at Greenwell Point during these
times.
2.9.3 Future behaviour
Predictions of future river behaviour were not provided by PWD 1988 and Patterson et al.,
(2004). Sinclair et al., (1977) created an assessment of likely river behaviour 12 months after
the construction of Tallowa Dam. The majority of predictions made by Sinclair et al., (1977)
have since been contradicted by Patterson et al., (2004). Sinclair et al., (1977) concluded erosion
in Berrys Canal would continue into the future indefinitely. They suggested the introduction of a
monitoring program to track changes in the Shoalhaven River system in order to better
understand the processes affecting it.
2.9.4 Past management strategies
Crookhaven heads breakwater (constructed 1909‐1912) increased channel scour in the Lower
Shoalhaven River and may have increased the tidal circulation between Shoalhaven Heads
through Berrys Canal and Crookhaven Heads by reducing tidal energy loss through Crookhaven
Heads (Public Works Department, 1988). Berrys Canal walls were constructed from 1902‐1908
and extended from the northern bank of Apple Orchard Island to the ferry crossing (Public
Works Department, 1988) (Figure 1). PWD (1988) found the wall to still be present for a length
of 400 m north of Apple Orchard Island and a low section of the wall is present on downstream
section of Numbaa Point. Much of the rest of the wall had been lost. Present bank revetments
were placed by council in 1968. There was a wall also built along Comerong Island’s bank
opposite the above wall prior to 1901. Its upstream 430 m was built on the intertidal flats and
its lower 250 m was built into the channel. PWD (1988) found that some downstream section
has now been lost and upstream section is now at edge of channel and northern section has
been lost due to channel scour. Dredging was undertaken in Berrys Canal between 1893 and
1938 to improve transport between Nowra and Greenwell Point to shallow larger sea vessels
upstream. Greenwell Point banks were armoured in the 1970s and 80s to prevent the thalweg
from further eroding the foreshore. While the channel has deepened in this area as a result of
the armouring erosion via the thalweg has been stopped along this bank (Shoalhaven City
Council, 2004). All engineering work has been mapped by the PWD (1988) and can be seen in
Figure 13.
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Figure 13. The engineered Bank protection works along Berrys Canal (Public Works Department, 1988).
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2.9.5 Data gaps
All Shoalhaven River studies (Posford et al., 1977; Sinclair et al., 1977 and Public Works
Department, 1988) concluded that a monitoring program should be created to track system
change (erosion and siltation) over time in order to better understand and predict long term
trends in river migration and activity. Such a program has never been enacted and more recent
studies have focussed heavily on hard engineering in order to mitigate erosion (Brown et al.,
1977)
When considering the management of the Berrys Canal it is important to remember that
estuaries are dynamic and hard engineering structures can result in unexpected impacts up and
downstream of the work. As a result the structure would have to be continuously managed and
maintained. The cost and benefit of engineering or leaving the Berrys Canal system to evolve
naturally has not been conducted. If the latter was costed, the rezoning and reacquisition of land
would need to be considered in order to provide room for the system to naturally evolve.
Significant work has been conducted on the topic of the artificial and permanent opening of
Shoalhaven Heads (Posford et al., 1977). This research has been fuelled by public interest and
has found to be economically unattractive involving significant initial engineering works and
expensive ongoing maintenance.
Bank location of the entire canal has not been updated since 1993 and channel cross‐sections
were last conducted in 1992. This thesis will update bank position data and channel shape data
(channel cross sections, channel shape, thalweg location and thalweg depth). The study
subsequently incorporates the present Berrys Canal morphology data with past data in order to
analysis the behaviour of the Berrys Canal system.
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Chapter 3 – Environmental changes in
estuaries  A systems perspective
3.1 Systems
In order to understand and analyse the evolution of the Shoalhaven and Crookhaven Rivers and
how they have developed since European settlement, systems theory must be understood and
employed. In this section the complex nature of systems is investigated and the definition and
validity of systems theory is explored. Elements of the system that regulate and direct change in
systems are then defined and then the influence of system sensitivity and scale is discussed in
relation to system analysis.
3.1.1. Systems and their complex nature
Chorley and Kennedy (1971) define a system as “a structured set of objects and/or attributes.
These objects and attributes consist of components or variables (i.e. phenomena which are free
to assume variable magnitudes) that exhibit discernable relationships with one another and
operate together as a complex whole, according to some observed pattern.” A system is the sum
of its parts, the relationship between these parts and the relationship of the system with
external systems. Systems are complex as they represent the real world. Chorley (1973) states
that all systems are complex, as they possess intricate interrelationships with themselves and
their external environments. He goes on to say that their evolution and motivation for doing so
is largely unknown and the patterns of their evolution is masked by lagged responses and
variable thresholds. Here Chorley (1973) alludes to the fact that while using a systems approach
to modelling ideally creates a holistic model of the system, this can never truly be achieved due
to the complexity of the system and the myriad of relationships and elements that it is
comprised of. Thorn (1988) elaborates by pointing out that a model despite its complexity can
be completely known but will always be a partial representation of the system and will
therefore be inaccurate to some degree. Conversely real systems can be accepted and true but
can never be completely known.
An abstract system modelling is an integral part of investigating complex systems and the
elements and relationships that they are comprised of (Holt‐Jensen, 1988). A finite number of
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elements and relationships can be considered in systems modelling and this process is defined
as abstract systems modelling. The elements and relationships chosen for consideration are
directly related to the purpose for modelling the system. This process suggests that holistic
models are not being created; instead models based on predetermined elements, boundaries
and scale are created. Though this is not an exact representation of reality it will still create a
closed abstract system model that best represents an open real system.
While this form of modelling best represents real systems the results should never be accepted
as reality or truth, as it is a bias and fractional view of the system created for a single purpose
from a single viewpoint. On the other hand, systems analysis allows a holistic approach to
systems modelling, its results, like any in science, should be accepted with a certain degree of
uncertainty.
3.1.2 Functional and structural systems
Chorley and Kennedy (1971) created functional and structural methods of defining systems.
Defining systems through their functionality uses a hierarchical system to define them relating
to their degree of interaction with external elements. Isolated (closed) systems are assumed to
have boundaries with no net import or export of energy or mass. While this does not reflect a
natural system it is sometimes necessary to assume the isolation of a system for modelling
convenience. Closed systems are defined as having boundaries that prevent the import or
export of mass but allow energy input and output. This is not unlike the Earth as a system
transmitting little mass beyond its atmosphere and accepting little mass but accepting and
transmitting energy. Open systems allow energy and mass to travel freely across boundaries
which represents the character of most systems in the natural world (Chorley and Kennedy,
1971).
Chorley and Kennedy (1971) also defined structural systems via their degree of complexity.
Morphological systems are constructed from the physical attributes in the environment.
Cascading systems are a series of sub‐systems that interconnect. These two systems are
characterised by thresholds where throughputs of energy and mass cascade through the system
when an initial threshold is exceeded.
Process‐response systems link at least one morphological and cascading system so that
structure is impacted upon by the process of cascading mass or energy (Chorley and Kennedy,
1971). Of particular importance are control systems, which are process‐response systems
36 | P a g e

where the key influential elements are controlled by some form of intelligence. These forms of
systems are the most complex systems as they include the structure of the system, relationships
between systems and human influence on systems.
3.1.3 Inputs and outputs
Inputs and Outputs relating to a system have a significant impact on its equilibrium (Chorley
and Kennedy, 1971). In an isolated system energy and mass do not enter or exit the systems
and so what is already present in the system is redistributed around until this energy or entropy
decreases and is levelled out, eventually reaching static equilibrium (Chorley and Kennedy,
1971). Real world systems cannot reach this state as they are comprised of open and closed
systems which interact with external environments. These systems are self‐regulating, due to
the nature of feedback mechanisms, and therefore have more flexible responses to changes in
inputs (Chorley and Kennedy, 1971).
3.1.4 Feedback
Feedback in a system occurs when a change is introduced via one of the systems variables
(internal or external) (Chorley and Kennedy, 1971). This change travels through the system
until it circles back to the initial variable. The path of this feedback can be direct or looped as
shown in Figure 14.

Figure 14. Model of feedback responses in a system to perturbations. They can react in (A) a direct feedback, (B) a
looped feedback, (C) a negative feedback, (D) a positive feedback or (E) no feedback (Chorley and Kennedy, 1971).

Looping of feedback can dampen, remove or amplify change. If the change is dampened or
removed through the loop then a negative feedback has occurred and the system is self
regulating (Figure 14, (C)). If the variable continues or is amplified through the system then
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there is a reinforcement of this external change and it is a positive feedback (Figure 14, (D)).
Positive feedback can cause changes to snowball in one direction (Chorley and Kennedy, 1971).
Variables cannot change in one direction indefinitely, which provides a threshold determining
the degree of change in the system. A threshold is breached when the change in a variable
impacts upon a system until the system must cross a threshold and adjust towards a new
equilibrium. The point at which the threshold is breached is determined by the sensitivity of the
system to change. Therefore systems of this nature often run on a cycle of short term growth in
one direction before a threshold is met and the cycle begins again. Short term growth ultimately
works along a variable path towards dynamic equilibrium (Chorley and Kennedy, 1971).
3.1.5 Lag and relaxation
Perturbations can create an instantaneous reaction or, due to the complexity of the system can
induce a delayed or lagged response to the disturbance (Chorley and Kennedy, 1971). This lag is
the time taken for a changed input of energy or mass to pass through and impact upon a system
(Thompson et al., 1986) (Figure 15). Lag times are influenced by other existing variables (i.e.
inputs and outputs) in the system, and lengths are therefore hard to determine due to the
complexity of these variables (Thompson et al., 1986). An example of lag time is volcanically
produced ‘dust veils’ that impact upon global temperatures (Arctowski, 1915; Carbon Dioxide
Information Centre, 2009). It is known that they reduce global temperatures over a finite time
span, however, the time taken for these dust veils to impact upon the global system is unknown.
The complexity of a system can cloud the determination of the exact lag time.
The time taken for a system to reach a steady state once it has reacted to the perturbation is
called the relaxation time (Figure 15, (a)). The relaxation time is dependent on the state of the
system at the time of perturbation, the degree of resistance that the system displays, the level of
complexity of the system and the scale and direction of input change. Particularly long lag times
have been observed in the time taken for the ground level to readjust to the commencement of
ice sheet melting from its surface. In Sweden some land is still adjusting 10,000 years after the
beginning of the ice sheet retreat (Thompson et al., 1986).
Systems in nature are a combination of poorly, partially and fully adjusted sub‐systems (Chorley
and Kennedy, 1971). Often sub‐systems within the system have varying relaxation times. Hence
systems relaxation times are unclear, as there may be secondary responses caused by the sub‐
systems that cause delays in relaxation times. This can result in the overshooting of a system in
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its response. In the case of ground level adjustment to melting ice sheets the land surface
overshoots its final equilibrium level before settling down to this point (Thompson et al., 1986).
Lag times can therefore be in the order of decades and relaxation times in the measure of
millennia. The cause of change in a system is difficult to define and the response direction and
time is reliant on the response of variables within the system to the initial change.

Figure 15. Outlines the change in coastal systems when disturbed. (a) The system has been disturbed by a
perturbation and a series of events are displayed in terms of their intensity and proximity to each other in time. The
coastal form is the result of system reaction and relaxation which together equal the system response. The response
of a system is dependent of the recurrence interval. (b) The system has been disturbed by a change in boundary
conditions, the response can be lagged and the participation of several forcing variables causes and irregular change
towards equilibrium (Woodroffe, 2002).

3.1.6. Recovery of a system
Recovery of a system is dependent on the relationship between lag and relaxation times and the
recurrence interval of disturbance events. If the disturbance reoccurrence interval is longer
than the recovery interval then the system will remain in equilibrium. If the disturbance
reoccurrence interval is shorter than the recovery interval then the system will not have time to
reach the equilibrium that resided before the initial disturbance (Woodroffe, 2003). The
sequence of perturbations in this case is crucial to the systems recovery.
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If the reoccurrence interval is shorter than the recovery time, the secondary disturbance will
disallow the system to recover to the initial equilibrium state. This will result in a positive
feedback which, with continuation, will consistently work towards a threshold. If that threshold
is exceeded the system will work towards a new equilibrium (Woodroffe, 2003).
A common cause of the breaching of thresholds in natural systems is anthropogenic impacts.
Disturbances created by humans, to control the natural environment consistently prevent a
system completing its recovery and therefore the system cannot achieve an equilibrium state.
3.1.7 Change in boundary conditions
Disturbance in the form of changing boundary conditions (i.e. sea‐level change) can change the
condition of the system. Changes in more than one boundary condition can occur
simultaneously and can result in an irregular system response, one example of this is shown in
Figure 15 (b). One boundary condition can change abruptly and have a lagged response and the
other boundary condition often then has a gradual response to the initial boundary condition
changing (Figure 15, (b)). Hence the pattern of change in each boundary condition dictates the
degree of irregularly in the system’s response. As long as there is no change in boundary
conditions the system will be allowed to reach a new equilibrium state (Woodroffe, 2003).
3.1.8 Dynamic equilibrium
A system in dynamic equilibrium is characterised by an equilibrium state that changes over
time. This is often the reflection of a system adjusting to a long‐term change in boundary
conditions. The adjustment of a system relies upon the co‐adjustment of form and process
(Woodroffe, 2003). While the processes in a system adjust instantaneously, the form adjustment
is often lagged due to the time required for the movement of sediment (Figure 15, (b)). This co‐
adjustment is often complex as a result of the multitude of processes operating in the system
and the characteristic non‐stationarity of a dynamic systems boundary conditions(Woodroffe,
2003). Equilibrium is therefore more often than not a quasi‐equilibrium, as a true equilibrium is
a moving target that is often approached but never finally reached (Wright and Thom, 1977).

40 | P a g e

3.1.9 Scale
The scale at which a system is examined can significantly impact upon what definition of
equilibrium it is awarded. For example at one scale some processes may not be visible and so a
label of static equilibrium may be given for a system that could be evolving over a long time
span due to subtle changes in boundary conditions (dynamic equilibrium). The interaction
between form and process and therefore changes in the form of a system occurs over a broad
range of space and time scales (Cowell and Thom, 1994).
Cowell and Thom (1994) defined four classes for the scales at which processes change
morphodynamic systems: Instantaneous, Event, Engineering and Geological. Engineering and
Geological timescales have become more prevalent for studies in recent decades as these are the
classes at which humans are having their greatest impact. Therefore the scale at which a system
is analysed can significantly impact upon the definition of the system.
3.1.10 System sensitivity
The sensitivity of a system to change is reliant on the magnitude of forcing factors encouraging
change, the scale of the resisting factors and the relationship between relaxation and
reoccurrence intervals. They determine whether a system returns to its original state or works
towards a new equilibrium. System sensitivity also depends upon the stability of the system,
and if the system is unstable it may have disproportionate reactions to disturbances. The final
factor determining the system sensitivity is contingency, where the time, order and preliminary
system conditions determine its response (Phillips, 2009).

3.2 Deltaic Estuaries
Estuaries formed along the south east Australian coast due to the sea level rise that occurred
approximately 7900‐7700 years ago (Sloss et al., 2007). The Shoalhaven River deltaic‐estuary
through which Berrys Canal flows is a system inherited from historical environmental
processes. In understanding these past environmental processes and the path of evolution they
have followed, the current development of the Berrys Canal system can be better understood. In
this section estuaries, deltas and their different forms and evolution are defined. Influences of
tide and sedimentation in these systems are also explored.
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3.2.1 Estuaries
Estuaries occupy the extent of the river where tides and tidal currents are felt (Guilcher, 1958).
The majority of estuaries are formed due to the post glacial sea level rise which caused the
drowning of river valleys (Roy et al., 1994). Once valleys were drowned marine sediment was
worked landward and created partial or complete barriers across embayments. Behind these
barriers estuaries formed. Pritchard (1967, p. 3) defines estuaries as “a semi‐enclosed coastal
body of water which has a free connection with the open sea and within which has a free
connection the open sea and within which sea water is measurably diluted with fresh water
from land drainage.”
3.2.2 Deltas
Deltas are formed from the accumulation of sediment, delivered by fluvial means, at the
endpoint of the river (Woodroffe 2003). The degree of fluvial discharge and sediment delivered
to the endpoint is dependent on the catchment size, lithology of the catchment and local climate.
Deltas form when the rate of sediment delivery exceeds the rate of sediment removal at the
river endpoint. Deltas arose in the mid Holocene when the postglacial sea‐level rise decelerated
(Stanley and Warne, 1994). They are commonly found at the mouths of tributaries, feeding
estuaries, where there is little hydraulic power to move sediment and so it is deposited as it
enters the relatively still body of water.
3.2.3 Delta formation and form
The formation of a delta is dependent on the capacity and competence of the water flow
(Gilbert, 1885). Gilbert (1885) recognised the rapid decrease in velocity that flow experiences
when entering a permanent body of water at the river’s end/mouth. This caused coarse
sediment to drop out of suspension first, then sandy sediment then the finer sediments last,
together forming dipping forest beds.
There are three prominent forms of deltas, they are: Lobate, Cuspate and Digitate (Birdsfoot)
deltas (Woodroffe 2003). Deltas change through time and space and so can represent more than
one of these forms throughout their existence and if they are large enough can simultaneously
have sections classified as different forms of deltas (e.g. Ganges).
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3.2.4 Drowned river valleys
A wide range of factors converge to construct the different forms of river estuaries. The
common element in the formation of estuaries, is that they formed as a result of the drowning of
river valleys (Russell, 1967). The two factors that influence the development of estuaries are
inherited (bedrock type and morphology) and contemporary factors (river discharge, waves,
tides) (Roy, 1984). Roy (1984) hypothesises that estuary type is inherited from the structure of
the entrance. This is due to the fact that the entrance type controls sedimentation, salinity and
water circulation in the estuary. He also determined that marine processes were the primary
force determining the entrance channel configuration. The three entrance forms he defined
were deep wide entrances with complete tidal exchange, narrow entrances with limited tidal
flows and entrances that are dominantly closed. On the NSW coast these entrances gave rise to
three types of estuary; Drowned River Valley Estuaries, Barrier Estuaries and Saline Coastal
Lakes (Figure 16).

Figure 16. Three types of estuary on the south east coast of Australia defined by Roy (1984).
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Saline Coastal Lakes are shallow muddy basins that are isolated from the ocean by a shore
parallel sand barrier formation (Roy, 1984). The barriers have been commonly formed in the
Holocene during marine transgression (Roy, 1984). If these lagoons temporarily have inlets and
outlets the flow of inputs and outputs is generally balanced. The salinity is generally low and
can become more so during times of heavy rain, this is often negated by evaporation or
percolation which leads to brackish and saline waters again (Roy, 1984). In its youth the lake is
saline and lays down mud and shell lithofacies, but as it matures it becomes gradually shallower
and less saline and progresses to a swamp and eventually swampy floodplains.
Drowned river valleys or rias are commonly meandering river valleys with resistant bedrock
morphology and small fluvial sediment loads (Castaing and Guilcher, 1995) (Figure 16). They
are characterised by deep entrances which have been excavated during lower sea levels. The
valleys are not yet completely filled and this is due to the above mentioned low sedimentation
rates and the late sea level rise in conjunction with post glacial rebound in the Holocene which
has increased the capacity of the valley to infilling (Woodroffe 2003). Infilling creates the
floodplains over estuarine sediments and forms tidal flats (Roy, 1984). Due to wave energy
some rias may have barriers across their mouths. These barrier estuaries are common on the
south east coast of Australia. Youthful drowned river are characterised by shallow tidal deltas
with deep mud basins landward of them (Roy, 1984). As tidal and fluvial deltas build into an
estuary, the delta fronts rapidly accumulate sediments and the mud basins shrink. Channel sand
deposits become levee and floodplain deposits and the basin increasingly shallows as
floodplains develop further. Tide begins to have a greater influence on water movement in low
system and fluvial processes in upper system. Water is eventually restricted to thin channels
between levee banks and the valley progrades over the tidal delta.
Barrier Estuaries vary in size and characteristically possess long narrow entrance channels and
subsequently wide tidal and back barrier sand flats as can be seen in (Figure 16) (Roy, 1984).
The tidal delta growth occurs on the landward end of the narrow entrance channel but is an
insignificant portion of the estuary deposits (Figure 17). The fluvial delta builds out into the
central mud basin and is often elongate due to lack of wind or wave action. This results in the
formation of silt and sand fluvial lithologies in the delta margins and overbank deposits with
thin layers of channel sand and levee deposits intersecting these lithologies (e.g. shoal haven
floodplain) (Roy, 1984)(Figure 17). Wind waves and wind induced flows are the most
influential factor in barrier estuary water circulation. Fluvial discharge does not affect the
estuary as a whole except in times of flood. Barrier estuaries have a weak tidal prism when

44 | P a g e

compared with drowned river valleys. The tidal influence changes over time, however, and as
the barrier estuary reaches maturity and is channelised tidal powers increase significantly.

Figure 17. Evolution of the Shoalhaven deltaic‐estuary from youthful to mature stages of development. Note that the
system is now completely infilled and the remaining channel delivers sediment directly to the ocean (Roy, 1994).
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3.2.5 Influence of tide, wave and river processes on deltaicestuarine morphology
The relative dominance of river, tide and wave processes on a coastal deltaic‐estuarine system
dictates its morphology. Systems that are river‐dominated form levee flanked distributaries that
grow into their basin. Systems that are tidally dominated are characterised by elongated
sediment deposition formations with an evolving estuary and delta that are flanked by broad
tidal flats. Wave dominated coasts create shore parallel barriers such as dunes which often build
out and close river and estuary mouths (Boyd et al., 1992).
Wave‐dominated estuaries are characterised by generally closed or partially closed entrances.
As a result little to no wave energy influences the estuary. These estuaries gradually fill over
time as a result of three main inputs. Fluvial inputs which gradually build out the fluvial delta,
sediment onshore inputs from the continental shelf and mud which accumulates in the centre of
the estuarine basin (Roy, 1984).
3.2.6 Tides
Tidal processes are thought to have the majority of influence on estuary hydrodynamics on the
south east coast of Australia. This is due to the fact that these estuaries are there are not strong
contrasts in regional and seasonal rainfall patterns on the NSW coast and rainfall tends to be
variable and erratic. Fluvial input is often considerably less than tidal discharge making the
entrance shape controlling the tidal input the primary influence of salinities in estuaries (Roy,
1984). Tidal range is amplified upstream if the channel narrows and the tidal range decreases if
the embayment or estuary widens upstream. Sedimentation reflects the dominant tidal velocity.
If flood tide is strong in a system flood‐formed bedform deposits will be found and the system
will be defined as flood‐dominated.
3.2.7 Sedimentation
Sedimentation of drowned river valleys has been the primary influence in estuary modification
over the past 7900‐7700 years on the south east coast of NSW (Sloss et al., 2007). It is due to the
fact that estuaries are sediment traps and so they preserve brief geological records.
Sedimentation within estuaries occurs due to fluvial sediment inputs from the catchment as
well as the onshore transport of sediment from the inner continental shelf. The turbidity
maximum is present in many estuaries to the landward end where fresh water flows into
marine water or still water embayments or lagoons. Sediment input and circulation can by
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highly variable over different timescales. Seasonal and extreme events can significantly alter the
character of the sediment circulation and can be the circumstances in which the
geomorphological system is most altered (Wolanski and Ridd, 1986 and Wolanski et al., 1998).
Seasonal variability in the Mekong Delta significantly alters the sediment transport. Fluvial
sediment is delivered to the mouth of the Mekong Delta in summer, however, in winter turbid
conditions cause sediment to be resuspended and dispersed in a south westerly direction (Xue
et al., 2012).

3.3 Processes of change in systems
River estuaries are open systems that are constantly being reworked by the processes of
erosion and accretion, shaping and altering the form and process of the system. In mature
Deltaic Estuarine systems the estuary has been completely infilled and sediment is delivered via
a channel directly to the coast. The channel meanders and migrates much like rivers on
floodplains. In understanding the processes that migrating channels undergo in their evolution
and attainment of equilibrium, patterns of change in the deltaic estuarine system in this study
can be better analysed. The following section explores the processes of channel migration,
including change resisting and forcing variables. It then investigates the roles that tides, waves
and bank morphology play in the stability of the channel system.
3.3.1. Meandering channel equilibrium
Meandering rivers generally migrate across floodplains, maintaining a single channel with a
fairly consistent channel width (Parker et al., 2010).This movement and width is maintained by
erosion of the bank at the highest point of velocity and deposition of sediment on the opposite
bank (point bar deposition). On floodplains meandering rivers commonly undermine the bank
at its lower levels where less cohesive sediment resides under cohesive muds and clays. The
blocks, shrubs and trees that then collapse into the river covering the bank armour the bank
against further erosion. This may, however, be quickly removed by fluvial entrainment and
erosion may then continue on the bank. If vegetation is quickly established on depositional
areas of the meandering river between flooding or high water flow events then the banks can be
somewhat stabilized and can maintain their position during the next bank full event therefore
maintaining the width of the meandering channel (Parker et al., 2010).
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3.3.2. Vegetation
Vegetation stabilises banks through the binding of sediment and soil but also can reduce the
velocity of flow against river banks and so reduce scour. Riparian vegetation can also reduce the
erosive effects of waves by absorbing wave energy (Patterson et al., 2004).
Vegetation is likely to have a stabilizing effect on fluvial systems by increasing the resisting
factors reducing the magnitude of erosion (Smith, 1976; Abernethy and Rutherfurd, 1998;
Brooks and Brierley, 2002). Hickin (1984) concluded that if all boundary conditions and
influencing factors (discharge, slope, bend curvature, bank texture, and bank heights) in the
fluvial system remained constant river migration across a non‐vegetated floodplain would
erode twice as fast as a forested floodplain. Beeson and Doyle (1995) also found that banks with
no vegetation where five times more likely to be eroded than vegetated banks. Therefore it is
clear that vegetation has a stabilizing influence of fluvial systems.
Channel Vegetation, woody debris and bank vegetation improve the stability of the fluvial
system (Brooks and Brierley, 2002). Vegetation physically resists change by improving the
tensile strength in soil by up to an order of magnitude when compared to soil with no root
structure (Lawler et al., 1997 and Brooks and Brierly, 2002). Therefore the root structure of
vegetation in banks and bed improve the stability of the fluvial system. However, while
vegetated banks have greater tensile strength this may be negated by the extra weight the
vegetation inflicts on the bank. Their tensile strength improvement may also be negated if the
point of bank erosion is below the root level.
Flow velocities can be diminished at bank, bed and floodplain level by increase in roughness due
to vegetation cover. This decreases the ability of the flow to alter the channel and floodplain
(Brooks and Brierley, 2002). Vegetation also enhances recovery of system by creating a rough
surface where sediment can readily accrete. However, the irregularity and variation of
vegetation density, age and species can influence the degree of drag created by the vegetation
and thus the degree of fluvial entrainment a bank is subjected to (Pizzuto and Meckelnburg,
1989).
3.3.3. River bank erosion
The erosion of river banks occurs as a result of two processes; subaerial/subaqueous
weakening and weathering and fluvial entrainment. Erosion can occur due to fluvial
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entrainment alone as a result of its lift and drag forces detaching and entraining material
(Brierley and Fryirs, 2005). However Lawler (1993) states that this is unlikely especially in the
case of cohesive riverbanks where bank materials are weakened, loosened and/or detached by
subaerial/subaqueous weakening and weathering and are then entrained. This entrainment
occurs when motivating erosion forces overcome resistance forces (e.g. friction and cohesion)
(reference).

Three weakening processes
There are several weakening processes, the three most important being pre‐wetting,
desiccation and Freeze‐thaw (Brierley and Fryirs, 2005). Pre‐wetting (common along the
channel banks of the lower Shoalhaven River) is the process of bank weakening due to extended
periods of bank saturation decreasing its cohesiveness. As a result, fluvial action can readily
entrain the banks.

Mass failure weathering
Often mass failure occurs on cohesive banks when they reach a critical steepening point and
then collapse under gravity forces and are the entrained (Abernethy and Rutherfurd, 1998).
Mass failure occurs when a bank reaches a critical point or threshold and the interbank cohesive
resisting forces are outweighed by the gravitational bank slope angle motivating forces. The
susceptibility of a bank to mass failure is reliant on three interconnecting factors: the geometry,
structure and material composition of the bank.
Geometry relates to the bank height and angle. These are both increased when hydraulic
entrainment removes material at the foot of the bank and erodes the foot of the bank as is
common during undercutting. The steeper and taller the bank becomes the more likely it will
fail. When the bank reaches a critical height or angle catastrophic failure takes place (Millar and
Quick, 1993).
The mass of the block is greatly influenced by moisture content (Brierley and Fryirs, 2005). The
switch from submerged to saturated conditions following flood events can cause the bulk unit
weight of the soil to double, and can trigger draw down failures even without the generation of
excess pore water pressure. If rapid drawdown does generate positive pore water pressures,
friction and effective cohesion are reduced. In extreme circumstances this can lead to
liquefaction (a complete loss of strength and flow type failures).
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The structure of the bank relates to the overall bank state (Brierley and Fryirs, 2005). Continual
wetting and drying can cause swelling and shrinking which in turn causes cracks to form in the
bank which encourage failure. Material composition can be altered by the removal of clay
constituents due to seepage through the bank thus reducing the cohesiveness of banks. These
two factors can make the bank more susceptible to failure. There are several types of defined
mass failures which are: Shallow slips, rotational slip or slab failure, rotational slip,
fall/sloughing and parallel slide.

Hydraulic action
Hydraulic action removes material at the foot of the bank and its capacity to erode is stronger
on banks with low cohesiveness (Brierley and Fryirs, 2005). The velocity gradient and
turbulence conditions of the river at the bank determine the magnitude of hydraulic shear.
When hydraulic shear coincides with the lower bank undercutting occurs. This means that
hydraulic action not only removes material at the foot of the bank but erodes the foot of the
bank itself. This creates an over steepening of the bank and results in eventual failure of the
bank to gravity. This can be common along the outer bank of bends where shear stress and
velocity gradients are particularly high (Lawler et al., 1997). This can be a common feature of
composite banks where the underlying water level section of bank possesses a weaker structure
than the overlying unit of material which is common on floodplains where gravel of sand
sediments are overlain by clay and mud sediments. The fluvial entrainment of materials once
the bank has collapsed is important for this erosion process to continue.
The individual characteristics of banks may determine their susceptibility to erosion (Brierley
and Fryirs, 2005). Gravity, lift and drag forces are the motivating forces encouraging erosion.
However, the interparticle forces in banks of friction and interlocking are forces resisting
erosion. Cohesive banks are usually comprised of fine grained electrochemically bound
material. These types of banks are usually entrained as peds or aggregates and are not eroded
grain by grain like banks of low cohesion.
3.3.4 Bank morphology
The state of the bank morphology can reveal the location at which erosive resistance and
forcing variables are present and therefore can indicate the processes that may be causing that
bank morphology that is present (Brierley and Fryirs, 2005). Bank morphology forms as a
combination of its position along the channel and its exposure to fluvial processes. It is a result
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of the deposition and erosion processes that are occurring at that point in the bank or along
neighbouring banks. The sediment composition of the bank determines its resistance or
susceptibility to erosion. The condition the bank is in terms of its evolutionary stage determined
by delivery of sediment to toe and then rates of removal once more. Its susceptibility to erosion
can be indicated and affected by where the delivered sediment is derived from and its
composition, the degree of fluvial entrainment and mass failure being inflicted on the bank and
balance of aggradation and degradation processes operating along that stretch of bank (Lawler
et al., 1997). All these factors combine to create the bank morphology. The sediment mix
determines the banks susceptibility to further forms of bank adjustment.
Mass failure (slipping/slumping) delivers sediment to the bank toe (Brierley and Fryirs, 2005).
The sediment at the toe is therefore of the same composition as the bank. Undercutting is
commonly associated with upward fining sequences, common to floodplains, where coarse
sediments are overlain with fine sands and muds. These are undercut at the coarser much less
cohesive units at the base of the bank often via hydraulic action. This creates and overhanging
bank which eventually succumbs to mass failure. Brierly and Fryirs (2005) claims that examples
of different bankforms overemphasise bank complexity and the banks are more often than not
the result of simple depositional processes that result in the formation of bank attached bars
(Figure 18).

Figure 18. Schematic of a compound bank with sediment deposition at its toe. Note the stepped morphology, with a
convex upwards bank. Vegetation often introduces complexity into the system form (Brierley and Fryirs, 2005).

3.3.5 Tidal influence flood and ebb tide influence on erosion and accretion
Tides can have a significant influence on the erosion and accretion that occurs along banks
(Woodroffe, 2003). This is especially true in bays or gulfs where tides are commonly amplified.
Tides in estuaries are also bi‐directional and are forced flows, velocities and extent of tidal
prism dependent on the morphology of the channel (e.g. tapering). Though elements such as
friction, landward constrictions, reflection on channel banks and shoaling can dampen the
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impact of tides. Constriction can in fact increase the impact of tides by increasing velocities
which commonly reach their maximum just before and after high tide.
The morphology of a system can significantly impact the character of the tide. When the channel
width converges upstream the tidal range is amplified, conversely when the channel widens
tidal range is reduced (Woodroffe 2003).The rate at which a progressive tidal wave propagates
up an estuary is proportionate to the depth of the estuary. As the water depth of an estuary is
deeper at high tide than low it encounters less friction at high tide and so the flood tide moves at
a faster rate than the ebb tide. Therefore the flood tide progressively occurs over a shorter
period of time as opposed to the ebb tide that takes longer as one travels upstream.
3.3.6 Wind wave erosion
Wind waves have the potential to cause erosion in a deltaic‐estuarine system. Wind waves
erode banks by mobilising sediment in the intertidal zone causing undercutting and cantilever
failure. The collapsed/disturbed sediments are generally moved away by tidal or wave induced
littoral currents and the erosion becomes a continual process. Where the sediments are not
washed away by currents, wave cut benches form along the foreshore. Wind waves have been
identified as accelerators of erosion at Greenwell Point (Webb et al., 2004).
3.3.7 Boat wave erosion
Boat wave erosion is common along channels that experience a large amount of boat activity
(Webb et al., 2004). Wave erosion is directly related to the size and frequency of boat wave
energy. The wake wave and wave period increase with boat speed. The wave height increases
with the enlargement of vessel scale in terms of water displacement, vessel width and water
depth. Wake waves form in sets of five to ten waves and disperse rapidly.
Areas that are sheltered from the wind are dominated by boat wave energy and erosion of the
foreshore (Webb et al., 2004). Boat waves erode in a similar way to wind waves, mobilising the
sediment in the intertidal zone, undercutting the bank and subsequently causing bank collapse,
a process which is amplified when the bank is saturated. Littoral currents then move the
collapsed/disturbed sediments away, allowing more erosion to take place and therefore a wave
cut bench is created.
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3.4 Anthropogenic influences on the natural environment
Humans have a significantly alter the environment through their direct and indirect impacts. In
the following section the way in which humans have impacted upon the global, Australian and
coastal environment is explored. A case study then explores the engineering impacts of entrance
breakwaters on three estuaries on the NSW coast.
3.4.1. Introduction
The ways in which humans have interacted and managed the natural environment have
changed through time. Due to the staggering acceleration in human population growth rates as a
result of tool, agriculture and industrial revolutions, the earth has entered a new epoch, the
Anthropocene (Goudie, 2006). This epoch reflects the considerable impacts that humans have
on the earth, to such an extent that they are now the primary force shaping the evolution of the
environment (Slaughter, 2012).
Before European settlement of Australia, Aboriginal peoples were largely nomads (though there
is some evidence of agricultural practices) (Goudie, 2006). The relationship they maintained
with the environment was sustainable as their roaming nature allowed for the natural
environment to regenerate. European settlement introduced rapid changes to the environment
(land clearing etc) that changed the landscape at a significant rate. At this time a struggle
between man and nature was fought, especially where cities were formed on the coasts due to
its resource rich nature. The environment was seen as a resource specifically for humans use,
and environmental impacts are often in the form of land degradation (poor soil, water quality),
erosion, pollution, etc.
In coastal zones the most common impacts humans have had on nature have resulted from its
exploitation and then efforts to control processes and change (Woodroffe, 2003). This is due to
the fact that coastal environments often relate to human settlements or have economic values in
terms of local ports silting up and stopping transportation upstream for goods and services.
Climate change is significantly impacting natural systems globally. This impact is considerably
more prominent on coasts where population pressures are amplifying issues of erosion and sea
level rise.
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Due to environmental degradation and increased knowledge in coastal processes the interaction
and management of the natural systems has changed over recent decades. The management of
natural systems takes into account the environmental, economic, social value of the site,
however, economic value usually takes precedence over other values (Shoalhaven City Council,
2000; WBM Oceanics Australia, 2006 and Shoalhaven City Council 2008).
3.4.2 Impact of entrance breakwaters on three estuaries on the coast of NSW
Through humans attempts to manage and control the natural environment instability has been
introduced into numerous coastal systems. Nielson and Gordon (2011) found that Wallis Lake,
Wagonga Inlet, Narooma and Lake Macquarie on the coast of New South Wales, thought to be
stable after entrance breakwater construction, were unstable, having scoured their channels for
decades. As a result they analysed the amplitude and phase of tidal components and found
signatures and in conjunction with estuary stability theories the magnitude and temporal scale
of future scouring was assessed in order to calculate the time required to reach equilibrium in
these systems. The tidal components of the estuaries were combined with empirical and general
estuary stability theory in order to calculate the rate and magnitude of system recovery.
Wallis Lake
The construction of the entrance breakwaters at Wallis Lake increased the velocities in the
estuary channels therefore increasing the sediment transport capabilities of the channels as a
result creating wider and deeper channels depositing sediment into the lake and adjacent
beaches. Increasing velocities and scour in the entrance channel increased the tidal forcing
function therefore confirming a positive feedback loop. Spring tide range increased from 118
mm in 1987 to 155mm at a rate of 2.0 mm/a. The channel therefore is expected to experience a
fivefold increase in channel cross‐section to reach equilibrium. It’s lake to ocean spring tide
range ratio increased from 0.12 to 0.84 and the rate of spring tide of 2mm/a dictated that the
equilibrium point would be reached in 450 years.
Wagonga Inlet, Narooma
The Wagonga Lake estuary channel was found to be unstable, with its flood tide delta growing
into the lake depositing sediment from entrance channel scour. The channel is expected to
treble its cross‐sectional area, allowing the lake to experience full ocean tidal range. Equilibrium
is expected to be reached in 110 years. This calculation may be incorrect, however, as it does
not account for the fact that when the critical flow area is exceeded, channel velocities are likely
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to decline as will the rate of change of the tidal range. This will increase the recovery time of the
system.
Lake Macquarie
Swansea channel foreshores have been eroding since construction of breakwaters in 1878‐
1887. Groyne and revetment structures have been created, however they are being undermined
due to severe bed scour. The tidal delta has prograded into the lake as a result of deposited
sediment from the scoured entrance channel. The spring tide range has increased to 1.4 mm/a
and a fivefold increase of the cross‐sectional area is expected to reach system equilibrium in
600 years.
The breakwater perturbations at the entrance of estuaries have caused significant changes in
the estuarine systems, specifically to their entrance hydraulics, increasing their tidal regimes. As
a result the systems are unlikely to stabilize for centuries. It is clear that feedback loops
associated with destabilized spring tidal prisms have the potential to result in increasingly
unstable scour modes. These findings highlight the importance of considering the potential
destabilising influences engineering perturbations can have on sensitive estuarine systems.

3.5 Limitations of photogrammetric analysis
The limitations of photogrammetry are complicated and are the result of a multitude of
variables. It is important to keep the related variable sin mind when considering
photogrammetric related data. In the following sections the factors affecting the quality of
photogrammetry are defined.
3.5.1 Introduction
When using photogrammetry to detect change the assumptions and variability involved in such
a process must be recognized in order to interpret the results in a realistic and accurate manner
(Evans and Hanslow, 1996). In order to create an image of the landscape using photogrammetry
the creation of an ortho‐rectified image from two corresponding aerial photographs is required.
This creates high resolution topographic information. The elements which could cause
inaccuracies in your measurements are as follows: photo scale, lens distortion, glare and
shadowing, survey control and changes in vegetation. These errors were calculated by the to
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create a combined error of ± 1‐1.5 m for aerial photographs taken pre 1960 and ± 0.5 m for
aerial photographs taken from 1960 until recently.
3.5.2 Defining lines in the natural environment
The measurement of a line in space can be difficult as the natural world is not neatly set out and
therefore it is at times difficult to define what or where to measure. Hanslow (1996) concluded
that measuring the dune volume and erosion escarpment best represented change in beach
location. He surmised as their measurements were statistically significant and their error was
lower than others, additionally he found that recession analysis is embarked upon with the
developments on top of or landward of the dune system (Evans and Hanslow, 1996). Therefore,
the intention of the surveying greatly influences the definition of the line in space to be
measured.
3.5.3 Anthropogenic interference
Anthropocentric changes complicate the detection of change. This is due to the fact that
between the recording of aerial photography, dramatic landscape changes such as dredging and
beach replenishment can be executed significantly altering the morphology. This can confuse
the trend of change in landscapes and therefore shroud the natural cause of gradual change in
the system. Unless the engineering of such features are recorded, and can therefore be
accounted for in the data analysis, anthropogenic interference can prevent accurate natural
system analysis.
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Chapter 4  Methods
In order to determine the stability of Berrys Canal and the evolution of its system, it was
mapped through time and space. The evolution of its banks and channel shape were examined
by updating historical data sets and then comparing the results to the previous records. This
was conducted with the bank position and channel bed shape and their change over time.
Patterns of evolution were then determined in order to assess within which state of equilibrium
or system evolution the system exists. This was assessed by examining the rate and pattern of
system evolution.
Potential resistance and forcing variables were examined in order to determine the driving
factors motivating change in the system. The variables were assessed by conducting a bank
survey along Comerong Island’s bank, paying special attention to the bank shape, bank
vegetation presence and bank sediment character. The Island’s bank was focussed on as the
NPWS Nature Reserve bank is of greatest concern in this study and it has been subject to the
highest magnitude of erosion in previous investigations.

4.1 Bank position
Berrys Canal bank position was recorded in 2012 and then compared with historical records in
order to assess how the channel bank location has evolved over time. This will reflect the
stability of the system (stable channels retain channel width while unstable channels do not).
The bank position of Berrys Canal in 2012 was recorded using a Real Time Kinematic (RTK)
Global Navigation Satellite System (GNSS) which referred to Continuously Operating Reference
System (CORSNET) New South Wales (NSW) as its base station. The measurements were taken
on the 21st, 22nd and 28th of June and the 4th of July 2012. The bankfull mark was determined
as the location of the bank to be surveyed. It is defined as the point when the channel has
reached its full capacity and is on the verge of breaching the active floodplain (Schneider et al.,
2011). The 2012 bank datum was used to create a digital model of the bank position in ArcGIS
and was digitised to GDA 1994 MGA Zone 56.
The accuracy of the bank data was determined by conducting a comparison between the RTK
GNSS and the Survey Control Information Management System (SCIMS). This was accomplished
by measuring SCIMS marks with the RTK GNSS and then comparing the results to the SCIMS. A
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computer database of the verified State Survey Control network contains the recorded SCIMS
marks. This database lists the established marks for the area of any proposed survey including
State Survey Marks (SSMs) and Permanent Marks (PMs) (New South Wales Government, 2012).
The difference between these measurements determined the precision and accuracy of the RTK
GNSS each day and has been translated into error bars where relevant.
Once collected, the bank position data was transferred into the ArcGIS software. Bank positions
mapped in 1949, 1984, 1993 and 2002 were provided in a computer‐aided design (CAD)
drawing by the Office of Environment and Heritage (OEH). The historic bank positions were
mapped using photogrammetry. It is unknown as to how the bank positions were defined when
mapping the bank location and this should be considered when assessing the accuracy of these
measurements and therefore the degree of change between bank measurements. The NSW
government defines all maps created using photogrammetry as having an uncertainty of ±0.50
m post 1960 and ±1.5 m pre 1960 (Evans and Hanslow, 1996). The bank position mapped in
1949 did not survey the south eastern end of the study area on Comerong Island’s bank (see
Figure 19 and Plate 1‐5). The bank position mapped in 2002 focussed on the north western end
of the study area (see Figure 19 and Plate 1‐2). The bank surveys from 1949 and 2002
therefore, do not cover the extent of the study area and that will create limitations to the bank
comparison analysis that will be carried out further in this study. The 1949, 1984, 1993 and
2002 bank positions were compared to the 2012 bank position using ArcGIS software.

4.2 Erosion and accretion distance over time
Erosion and accretion distances between bank locations through time were measured
occasionally along each bank of the canal using the above mapped bank positions. While this
form of measurement does not provide an accurate assessment of change over time for the
whole of Berrys Canal, it reveals the variability of rates of erosion occurring along the channel.
Thirty‐two lines were measured along the two sides of the canal and the distance of erosion was
measured between each time period. These results were then transformed into graphs to
display the rate and degree of erosion over time. As mentioned above, the accuracy of the 2012
bank location as compared to the accuracy of the historic bank locations relating to the
definition of the bank position and the photogrammetric process of mapping, should be
considered when assessing the validity of the measurements of erosion and accretion distances
over time. The limitations of the 1949 and 2002 bank surveys should be kept in mind when
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assessing the variability of bank change along the channel. The measurement of erosion
distance along the canal banks over time is semi quantitative as it does not provide a rate of
erosion for the entire study area. In order to provide a quantitative measurement of change for
the study area the spatial extent of erosion was determined.

4.3 Spatial extent of erosion and accretion
The spatial extent of erosion and accretion over time was measured in order to produce a
quantitative measurement of the rate of change of Berrys Canal banks. In order to quantify the
rate of change of Berrys Canal, the area of erosion and accretion between the bank positions
from 1949, 1984, 1993, 2002 and 2012 were calculated. As mentioned earlier, the 1949 and
2002 bank position surveys are limited; however, they are still used in this thesis. In order to
use these data sets three separate calculations of the spatial extent of erosion and accretion
were conducted.
The first calculation was conducted by calculating the area of erosion and accretion between the
1984/1993 and 1993/2012 bank positions (these three bank surveys extended over the entire
study area). The second calculation was conducted by calculating the area of erosion and
accretion between the 1949/1984, 1984/1993 and 1993/ 2012 bank positions. The 1984, 1993
and 2012 bank surveys were trimmed to the extent of the 1949 bank survey in order to
calculate these areas and compare the rates of erosion over time within the limits of available
1949 data. The third calculation was conducted by calculating the area of erosion and accretion
between the 1949/1984, 1984/1993, 1993/2002 and 2002/2012 bank positions. The 1949,
1984, 1993 and 2012 bank surveys were trimmed to the extent of the 2002 bank survey in
order to calculate these areas and compare the rates of erosion over time within the limits of
available 2002 data. The area of change for each of the three calculations was converted to a
yearly rate in order to compare rates of erosion.
As mentioned above, data collected photogrammetrically has an accuracy of ± 1.5 m
horizontally if mapped before 1960 and an accuracy of ± 0.5 m horizontally if mapped after
1960 (Evans and Hanslow, 1996). The 2012 bank position accuracy was calculated and is
presented in the results section. The accuracy of the historical bank locations and the 2012 bank
location was utilized to determine the accuracy of the calculated spatial extent of erosion and
accretion. A buffer with a 1.5 m radius was created around the 1949 bank survey, a buffer with a
0.5 m buffer was created around the 1984, 1993 and 2002 bank surveys and a buffer with a
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radius equal to the accuracy of the 2012 bank survey was created around the 2012 bank survey.
The areas of these buffers were then calculated. The applicable buffers for each measurement of
spatial extent of erosion and accretion (e.g. the buffers around the 1993 and 2012 bank surveys
combined would present the accuracy for the spatial extent of erosion and accretion between
these years) were combined and halved to create the accuracy for that spatial area of erosion or
accretion. This was repeated for every area measurement of erosion and accretion. When
assessing the accuracy of the rate of spatial erosion and accretion over time it is still important
to note that while the accuracy has been calculated for the 2012 and historical data, the
definition of the “bank position” is still unknown and therefore introduces uncertainty into the
measurement of rate of change.

4.4 Channel bed survey and transects
The Berrys Canal channel bed was mapped by running a series of lines across the canal with a
Ceeducer pro. The spatial data was corrected for tidal change to Australian Height Datum (AHD)
by recording the time of each river crossing and then referring back to the tidal gauges at
Greenwell Point and Shoalhaven Heads. The channel bed data was used to create a Triangulated
Irregular Model (TIN) with ArcGIS software in order to display the general trend of canal depth
throughout the study area. A TIN model creates an continuous surface of adjacent triangles.
Inside each triangle the surface is a plane. The triangles are the result of a set of mass points (ET
Spatial Techniques, 2012). It is not a true representation of the channel shape but reveals its
general trends. The TIN was used to recreate a series of transects recorded in 1992 and 1982 by
the PWD (Appendix 4). The 2012 transects were created in ArcGIS and were then transferred to
excel for comparison with the 1992 and 1982 transects. The transects created using the TIN are
not accurate as they represent an averaged profile of the 2012 channel bed created from the TIN
model. The further away the transect is from the series of lines recorded using the Ceeducer pro
the less accurate the transect generally is. The transects can therefore only be qualitatively
compared to the past transects. The 1982 and 1992 transect were digitised and overlain onto
the 2012 transects in order to do so. It must also be considered that the 1982 and 1992
transects were digitised from coarse data sets and therefore do not lend themselves to accurate
quantitative analysis. The accuracy of the 1982, 1992 and 2012 transects must be kept in mind
when analysing the change in channel shape over time.
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4.5 Location of thalweg
The location of the thalweg in 2012 was mapped by locating the deepest point in each line
across the canal collected with the Ceeducer pro. Once the deepest point in each crossing was
identified these points were joined along the canal and the 2012 thalweg was then compared to
the thalweg in 1901, 1924 and 1982 (Figure 48). The thalweg comparison was conducted by
digitising the 2012 thalweg onto the 1982 thalweg which was rectified. The 2012 and 1982
thalweg were then overlain and lined up with the image containing the 1901, 1924 and 1982
thalweg positions (Public Works Department, 1988) in order to compare the 2012 thalweg to
these past years. This method only allows for qualitative assessment as its execution is not
exact.

4.6 Depth of thalweg
The depth of the 2012 thalweg was compared with the depth of the thalweg in 1857, 1901, 1924
and 1982. The 2012 thalweg depth was determined in much the same way as its horizontal
location. The depth of the deepest measurement from each Ceeducer Pro canal crossing was
recorded. These depths were then mapped on a line graph in relation to their distance along the
canal. This line graph was then overlain onto a graph that had the depth of the thalweg along the
canal for the years 1857, 1901, 1924 and 1982 (Public Works Department, 1988). While this is
not an exact method of comparison it does allow for a qualitative assessment of thalweg depth
change over space and time.

4.8 Bank inventory of channel embankment morphologies
A bank inventory was carried out along Berrys Canal in order to determine the prominent
characteristic bank types and the key character of each bank type. Nine bank types were
determined qualitatively by visually assessing the shape of the bank, the vegetation present and
the bank sediment type. Once they were determined, the banks were photographed,
characterised and sketched. The vegetation type and species, where possible, were noted by
visual assessment. Bank sediment samples were taken from the top of the bank and the bottom
of the bank or bench. The bank sediment samples were analysed using a Melvin Mastersizer
2000 to determine the percentage of sand, silt and clay at each bank site. An example of the
bank inventory sample sheet can be seen in Appendix 5.
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The particle size distribution was analysed using the Malvern Mastersizer 2000 at the
University of Wollongong. The background during analysis was determined to be 100 counts. In
order to determine the sediment distribution approximately 5 g of each bank material sample
was sonicated for 1 minute do ensure all clasts were disintegrated. Each sample then passed
through the Malvern Mastersizer 2000. Each sample sediment distribution was measured three
times and the average of these three measurements produced the percentage of sand silt and
clay. Sediment distribution is determined by sand being between 63‐2000 μm, silt being
between 3.9‐63 μm and clay being <3.9 μm.
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Chapter 5  Results
In the following section, the results of the investigations into channel stability and evolution are
presented. Comparison of bank locations through time will reveal the pattern of change in bank
location. This is measured in order to determine the stability of Berrys Canal. The distance of
erosion between bank positions through time will then reveal the varying rates of erosion along
the canal, highlighting the most significant areas of erosion. The measurement of the spatial
extent of erosion and accretion will provide a quantitative assessment of bank position change
through time. This will indicate the trend in change, and therefore, will contribute to the
identification of the variables forcing system change. It will additionally reveal the rate of
change, indicating the condition of the system in terms of its path towards equilibrium. The
channel bed shape was then investigated to define how it has changed through time and how
this relates to the possible variables forcing change. The variables were then investigated
through the mapping of the thalweg, vegetation species distribution and bank sediment
character. This is then compared with the distance of erosion between 1949 and 2012 along
Comerong Island’s bank in order to correlate change forcing variables with patterns of erosion.
This will narrow down the options of variables forcing change in the system and will indicate
the appropriate direction for further investigations.

5.1 Bank position
The Berrys Canal bank location was recorded using RTK GNSSs utilising CORSNET NSW as a
base station. It was recorded on the 21st, 22nd and 28th of June and the 4th of July 2012. The
bank position that was measured was determined as the bankfull position. This datum was used
to create a digital model of the bank position in ArcGIS and was digitised to GDA 1994 MGA
Zone 56 (Figure 19, Plate 1‐5). The OEH provided a CAD drawing which mapped the Berrys
Canal bank position in 1949, 1984, 1993 and 2002 using photogrammetry (Appendix 3). The
CAD drawing (Appendix 3) which provided this information was rectified to GDA 1994 MGA
Zone 56. The historical bank positions were compared to the 2012 bank position (Figure 19,
Plate 1‐5). A comparison of the bank position in 1949, 1984, 1993, 2002 and 2012 is shown in
Figure 19 and is shown in greater detail in Plate 1‐5.
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LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Figure 19. Berry’s Canal bank positions in 1949, 1984, 1993, 2002 and 2012 are overlain onto a 2004 image (aerial
photograph) of Berrys Canal. This depicts the change in bank position over time at a coarse scale and can be viewed
in more detail in plates 1‐5.

Comerong Island

LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Plate 1. Berry’s Canal bank positions in 1949, 1984, 1993, 2002 and 2012 for the upstream end of Berrys Canal
overlain onto a 2004 image (aerial photograph) of Berrys Canal. Note the 1949 bank and gradual pattern of erosion
from this time until present on both sides of the canal
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Apple Orchard Island

LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Plate 2. Berry’s Canal bank positions in 1949, 1984, 1993, 2002 and 2012 midway along the canal overlain onto a
2004 image (aerial photograph) of Berrys Canal. Note the 1949 bank and significant erosion occurring on the
Northern end of Apple orchard Island. Banks that are rock protected have not changed bank position over time. The
majority of all other banks are still eroding at a gradual rate.

Comerong Island

LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Plate 3. Berry’s Canal bank positions in 1949, 1984, 1993, 2002 and 2012 midway along the canal overlain onto a
2004 image (aerial photograph) of Berrys Canal. Note the significant erosion occurring along the western bank of
Comerong Island and the slower gradual erosion occurring along the opposite bank on Apple Orchard Island.
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Apple
Orchard Island

LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Plate 4. Berry’s Canal bank positions in 1949, 1984, 1993, 2002 and 2012 midway along the canal overlain onto a
2004 image (aerial photograph) of Berrys Canal. Note the significant erosion occurring on the southern end of Apple
Orchard Island, the significant erosion occurring on the western bank of Comerong Island at the top of the plate and
the reasonably steady bank position of the rest of the banks. Note that the eastern bank at Greenwell Point is rock
protected (since the 1970s). It is also important to note that the 1949 data is no longer represented from this point
downstream on the Comerong Island bank.

Comerong Island

LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Plate 5. Berry’s Canal bank positions in 1949, 1984, 1993, 2002 and 2012 at the southern end of the canal overlain
onto a 2004 image (aerial photograph) of Berrys Canal. Note the apparent significant accretion between 1949 and
1984 that was the result of artificial land reclamation and the considerable erosion occurring on the corner where the
channel flows into Comerong Bay.
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5.2 Bank position change over time
Bank erosion and accretion is not evenly distributed along the canal. The major areas of erosion
can be seen in plates 2, 3, 4 and 5. On plate 2 significant erosion has occurred on the upstream
end of Apple Orchard Island. On plate 3 significant erosion has occurred on the inside bend of
the canal along Comerong Island. In plate 4 significant erosion has occurred on the tail end of
Apple Orchard Island and there is some evident erosion on the southern end of the study area
where Berrys Canal adjoins Comerong Bay. The significant areas of erosion are quantified in
section 5.3. The only significant accretion apparent is at Greenwell point, however, this area has
been significantly engineered in order to reclaim this land and the accretion is unlikely to be the
result of any natural processes (reclaimed after 1949). Significant changes aside, along the
majority of the canal banks the dominant process has been erosion rather than accretion. This
determines that the geomorphological changes along the banks of the canal are under an
erosion regime.
5.2.1 Accuracy
In order to verify accuracy when recording the bank position in 2012 the method of SCIMS
marks were employed. Each day RTK GNSS data was recorded and SCIMS marks were recorded
either prior and/or post data collection to determine instrumental accuracy. The variation in
the RTK GNSS and SCIMS measurements provided the precision and accuracy for the data
collected. On the 28th of June SCIMS marks were not measured due to technical difficulties. As
this data was integral to the mapping of the bank it was assumed that this data’s accuracy was
identical to the other days of measurement (± 4.3 cm). The accuracy of the 2012 bank data was
assumed to be equal to the worst accuracy measured over the four days and is outlined in
Table 1.
Table 1. The accuracy and precision of the 2012 bank position. Note that these are the least accurate
measurements for the four days of bank position surveying and, therefore, may overemphasise the
inaccuracy of the bank datum.

Accuracy
Precision

Horizontal
±0.043 m
±0.073 m

Vertical
±0.187 m
±0.206 m

The bank position data provided by the OEH was mapped using photogrammetry. The accepted
horizontal accuracy of this data is ±1.5m prior to 1960 and ±0.5m post 1960. Therefore the
accuracy of the 1949 bank is ± 1.5 m horizontally; the accuracy of the 1984, 1993 and 2002
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bank data is ±0.5 m horizontally and the accuracy of the 2012 bank data is ±0.043 m
horizontally. It is therefore important to keep in mind the measure of accuracy each bank
position in order to realistically assess the magnitude of change over time in the Canal system.

5.3 Distance of erosion and accretion
The distance of bank change over time was determined by intermittently measuring the
distance of change between bank positions through time. Thirty‐two measurements were made
along the canal and can be seen in Figure 20. The accuracy of the bank position measurements
must be considered when analysing bank position change over time. Apart from the degree of
accuracy of each bank measurement, outlined in section 5.2.1, the way in which the
photogrammetrically measured 1949, 1984, 1993 and 2002 bank position was defined, is
unknown. If the bank is defined as the point where the water meets the land, banks possessing a
significant low tide bench could have a large degree of error when compared to banks that
possess a steep bank. This degree of error would be determined by the tidal level when the
aerial photograph was captured. The variation of tide on low sloping benches could create 10s
of metres of variation in channel bank position. It is therefore important to keep this in mind
when considering bank position change over time. Although this does not reveal an exact
measure of the rate of change, it does allow a semi‐quantitative assessment of the varying rates
of change along the canal.
Graphs have been created to visualise the distance banks have eroded and accreted over time
and the rates at which they have done so through time. Keep in mind while assessing these
graphs that the 1949 and 2002 bank data sets do not reach the entire length of the canal as
mentioned above in section 4.1. The distance eroded over time, especially at sites 11‐17, is
therefore limited in its assessment of bank distance change over time to extent of the available
data. Figure 20 displays the location of distance measurements along the canal and the
measurements of each site are graphed vs time in Figure 21‐29.
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LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Figure 20. The location of Berrys Canal Sites 1‐32 where distance of erosion and accretion were measured. They are overlain on a 2004 image aerial photograph of Berrys Canal.
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Figure 21. Berrys Canal bank change over time by measure of distance on the upstream end of the Comerong Island
Bank. Note that site 4 experiences significantly more erosion between 1984 and 1993 than sites 1,2,3 and 5.
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Figure 22. Berrys Canal bank change over time by measure of distance midway through the study area along the
Comerong Island Bank. Note site 6 does not measure the distance of change between 1949 and 1984 and the rates of
erosion change are much faster for site 6 than site 7 between 1993 and 2012
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Figure 23. Berrys Canal bank change over time by measure of distance along Comerong Island bank midway through
the study area. Note the significantly faster rates of erosion along this section of bank (70‐139 m). Also note that site
11 does not measure the distance of change between 1949 and 1984.
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Figure 24. Berrys Canal bank change over time by measure of distance along Comerong Island bank towards the
south east end of the study area. Note all three sites do not measure the distance of change between 1949 and 1984
and site 12 erodes while the other two sites accrete (sites 13 and 14).

71 | P a g e

Bank Erosion or Accretion (m)

Bank position change over time
5
0
‐5
‐10

Site 15

‐15

Site 16
Site 17

‐20
‐25
1940

1950

1960

1970

1980

1990

2000

2010

2020

Year
Figure 25. Berrys Canal bank change over time, by measure of distance along Comerong Island bank at the south
eastern end of the study area. Note all three sites do not measure the distance of change between 1949 and 1984, site
15 is reasonably stable, site 16 has been reasonably stable for the last 20 years but eroded significantly between 1984
and 1993 and site 17 is eroding at a significant rate.
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Figure 26. Berrys Canal bank change over time by measure of distance on the upstream end of the study area near
Numbaa Point. All sites appear to erode through time at a reasonably steady rate. Note site 20 has been reasonably
stable for the last 30 years .
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Figure 27. Berrys Canal bank change over time by measure of distance midway along the study area on the northern
end of Apple Orchard Island. Sites 24 and 25 are reasonably stable displaying slow rates of erosion. Sites 22 and 23
are on the northern most end of Apple Orchard Island and are eroding at significant rates (48‐61 m).
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Figure 28. Berrys Canal bank change over time by measure of distance along the southern end of Apple Orchard
Island. With proximity to the southernmost end of the Island note how erosion rates increase from 20‐62 m between
1949 and 2012.
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Figure 29. Berrys Canal bank change over time by measure of distance along the southern most end of the study area
on Greenwell Point bank. The banks here (sites 31 and 32) are reasonably stable. Note that the majority of the site 30
erosion occurred prior to 1984.

5.3.1 Bank position change over time
Figure 20‐34 reveal the variation in pattern and distribution of erosion and accretion along the
canal. In Figure 21 at sites 1,2,3,4 and 5 erosion between 1949 and 2012 was between 13 m and
27 m on the Comerong Island bank and was 9 m to 15 m along the opposite bank at sites 18, 19,
20 and 21 (Figure 26). From site 1 to site 4 there is increasingly more erosion taking place over
time. Site 5 contrasts with this trend eroding in the same pattern as site 1; this is most likely due
to the rock wall that was built prior to 1901 along this section (Figure 13).
In Figure 22, site 6 and 7 appear to follow the above trends eroding 10 m and 17 m respectively.
Site 8,9, 10 and 11 erode at much more significant rates than the aforementioned sites (Figure
23). Their erosion ranges from 70 m at site 11 (this does not include erosion that occurred
between 1949 and 1984) to their most significant measurement of erosion of 139 m between
1949 and 2012. Similarly on the opposite bank, site 22 and 23 have eroded 61 m and 48 m
respectively between 1949 and 2012 (Figure 27). Site 24 and 25 have eroded at a much slower
rate each eroding 8 m in the same time span (Figure 27).
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Sites 11‐17 do not include erosion that has occurred between 1949 and 1984 due to the 1949
bank data not covering this section of the study area. When comparing sites 8‐10 to sites 12‐14
there is a significant difference in rates and degree of erosion. Even discounting the erosion that
occurred between 1949 and 1984 at sites 8, 9 and 10, sites 12, 13 and 14 have changed at a
significantly slower rate, eroding only 13 m at site 12, accreting 7 m at site 13 and accreting 3 m
at site 14 between 1984 and 2012 (Figure 24).
Site 26, 27, 28 and 29 are eroding at increasingly faster rates in a downstream direction starting
at 20 m and ranging to 62 m (Figure 28). The northern and southern ends of Apple Orchard
Island are therefore eroding at significant rates. Site 15 has accreted 1 m and site 16 and 17
have eroded 9 m and 24 m respectively between 1984 and 2012 (Figure 25). Site 30 and 31
have eroded 9 m and 1 m respectively and site 32 has accreted 3 m between 1949 and 2012
(Figure 29).
These bank changes highlight that the areas of most significant change are on the northern and
southern banks of Apple Orchard Island and midway through the study area along Comerong
Island’s bank. Stable banks are either rock protected or are along the south eastern end of
Comerong Island in the study area. The south eastern point of Comerong Island, that adjoins
Comerong Bay, has been subjected to a considerable degree of erosion.

5.4 Spatial extent of erosion and accretion
In assessing the data qualitatively, it is evident that erosion and accretion has occurred over
time and that erosion is dominating these two processes. It is also clear that the areas and rates
of erosion and accretion vary along the canal. The area eroded and accreted was determined by
creating polygons between bank positions through time. The area of these polygons was then
calculated to determine the rate of area erosion and accretion. The following polygons are
between all the years of bank surveys (1949, 1984, 1993, 2002 and 2012) (Figure 30 and Plate
6‐8). Plate 7‐8 highlights the shortcomings of the 1949 bank datum in not extending over the
entire study area.
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Figure 30. Berrys Canal erosion and accretion area 1949‐1984, 1984‐1993, 1993‐2002, 2002‐2012, 1993‐2012. This
depicts the area of change between bank positions over time at a coarse scale and can be viewed in more detail in
Plate 6‐8.

Plate 6. Upstream end of Berrys Canal Erosion and Accretion area 1949‐1984, 1984‐1993, 1993‐2002, 2002‐2012,
1993‐2012. Note that while the most significant erosion appears to have occurred between 1949 and 1984 this is a
longer time period than the other time periods of erosion and therefore may be no more significant than any other
time period.
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Plate 7. The area of erosion and accretion midway along Berrys Canal for 1949‐1984, 1984‐1993, 1993‐2002, 2002‐
2012, 1993‐2012. Note the significant erosion occurring midway through the study area on the Comerong Island
bank and on the northern and southern ends of Apple Orchard Island.

Plate 8. The area of erosion and accretion at the southern end of the study area for 1949‐1984, 1984‐1993, 1993‐
2002, 2002‐2012, 1993‐2012. Note the accretion highlighted at the southern most end of the study area at Greenwell
Point is as result of land reclamation. Also note that while the southern end of the study area along the Comerong
Island bank is not covered by the 1949 bank data it still shows trends of significant erosion where the canal adjoins
the entrance to Comerong Bay.

77 | P a g e

As mentioned in section 4.1, the 1949 and 2002 bank data does not extend over the entire study
area. In order to use these data sets three separate calculations of the spatial extent of erosion
and accretion were conducted. The first was conducted by calculating the area of erosion and
accretion between 1984/1993 and 1993/2012 bank positions (these three bank surveys
extended over the entire study area). The second calculation was conducted by calculating the
area of erosion and accretion between the 1949/1984, 1984/1993 and 1993/2012 bank
positions. The 1984, 1993 and 2012 bank surveys were trimmed to the extent of the 1949 bank
survey in order to calculate these areas and compare the rates of erosion over time within the
limits of available 1949 data. The third calculation was conducted by calculating the area of
erosion and accretion between the 1949/1984, 1984/ 1993, 1993/2002 and 2002/2012 bank
positions. The 1949, 1984, 1993 and 2012 bank surveys were trimmed to the extent of the 2002
bank survey in order to calculate these areas and compare the rates of erosion over time within
the limits of available 2002 data. The shape files of erosion and accretion are presented below.
The total erosion and accretion, the yearly rate of erosion and accretion and the accuracy of the
total erosion and accretion were calculated and are presented in the following column graphs
and tables.
5.4.1 Spatial extent of erosion and accretion for the full study area
In the following assessment of the area of change between 1984/1993 and 1993/2012 erosion
is the dominant process (Figure 31). There was 40,798 m2 of erosion between 1984 and 1993
and 37, 518 m2 of erosion between 1993 and 2012 (Table 2). These areas of erosion appear to
reflect that erosion remained fairly constant through time. However, by calculating the yearly
erosion rate it is evident that erosion rates between 1984/1993 of 4,533 m2.yr‐1 decreased
between 1993/2012 to 1,975 m2.yr‐1 (Table 2) (Figure 33). Despite associated error with data
collection it is apparent that significant erosion has occurred throughout the survey period
(Figure 32).
Accretion followed a similar pattern and accreting 3,358 m2 and 3,056 m2 between 1984/1993
and 1993/2012 respectively. However, when yearly rates were determined accretion rates
decreased between the two time periods from 373 m2.yr‐1 between 1984/1993 to 161 m2.yr‐1
between 1993/2012 (Figure 33).
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Figure 31. Berrys Canal erosion and accretion area for 1984‐1993 and 1993‐2012.
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Figure 32. Total erosion and accretion along Berrys Canal for 1984‐1993 and 1993‐2012. Note that the time intervals
are not equal.
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Figure 33. Annual rate of erosion and accretion along Berrys Canal between 1984‐1993 and 1993‐2012. Note the
significant decrease in erosion rates between the two time periods.
Table 2. Berrys Canal total yearly rate and accuracy of erosion and accretion between 19841993 and 1993
2012 covering the entire study area.

total erosion
(m²)

erosion/year
(m²)

Erosion area
accuracy (m²)

total accretion
(m²)

accretion/year
(m²)

Accretion area
accuracy (m²)

40797.73
37518.03

4533.08
1974.63

± 2266.54
± 987.315

3358.05
3056.4

373.12
160.86

± 186.56
± 80.43

1984‐1993
1993‐2012

5.4.2 Spatial extent of erosion and accretion within the limits of the 1949 bank data
The following data assesses the erosion and accretion area between 1949 and 2012 for the
extent of the 1949 bank data (Figure 34). There was 84,497m2 of erosion between 1949/1984,
35,366 m2 of erosion between 1984/1993 and 35,792 m2 of erosion between 1993/2012.
Despite associated error with data collection, it is apparent that significant erosion has occurred
throughout the survey period (Table 3). Erosion appears to have decreased and then levelled
out over time (Table 3). However, when the yearly rates were calculated the rate of erosion
fluctuated through time starting at 2,414 m2.yr‐1 between 1949/1984, increasing to
3,930 m2.yr‐1 between 1984/1993 and then decreasing again to 1,884 m2.yr‐1 between
1993/2012 (Figure 36).
There was 7,962 m2 of accretion between 1949/1984, 924 m2 of accretion between 1984/1993
and there was 2,566 m2 of erosion between 1993/2012. When converted into yearly rates of
accretion the most accretion occurred between 1949/1984 (227 m2.yr‐1) and then 1984‐1993
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(102 m2.yr‐1) and 1993‐2012 (135 m2.yr‐1) had similar rates of accretion with the later having a
slightly higher rate (Table 3).

Figure 34. Berrys Canal erosion and accretion area for 1949‐1984, 1984‐1993 and 1993‐2012 to the extent of 1949
bank position data
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Figure 35. Total amount of erosion and accretion along Berrys Canal for 1949‐1984, 1984‐1993 and 1993‐2012 for
the extent of the 1949 bank data. Note that the time intervals are not equal.
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Figure 36. Annual rate of erosion and accretion along Berrys Canal for 1949‐1984, 1984‐1993 and 1993‐2012 to the
extent of 1949 bank position data. Note the interesting increase in annual rate of erosion for the period of 1984‐1993.
Table 3. Berrys Canal erosion and accretion between 19491984, 19841993 and 19932012 covering the
extent of the 1949 data.

total erosion
(m²)

erosion/year
(m²)

± area of
inaccuracy (m²)

total accretion
(m²)

accretion/year
(m²)

±area of
inaccuracy
(m²)

84496.72
35366.38
35791.8

2414.19
3929.6
1883.78

1207.095
1964.8
941.89

7961.68
924.4
2566

227.48
102.71
135.05

113.74
51.355
67.525

1949‐1984
1984‐1993
1993‐2012

5.4.3 Spatial extent of erosion and accretion within the limits of the 2002 bank data
The following data assesses the spatial extent of erosion and accretion between 1949/2012 to
the extent of the 2002 bank data. There was 16,448 m2 of erosion between 1949/1984, 4,095
m2 of erosion between 1984/1993, 2,723 m2 of erosion between 1993/2002 and 2,192 m2 of
erosion between 2002/2012 (Table 4). Despite associated error with data collection it is
apparent that significant erosion has occurred throughout the survey period (Figure 38). These
totals infer a trend of gradual decreases in erosion over time (Figure 38). When converted into
yearly erosion rates, the erosion rate for the extent of this study area decreases with time,
ranging from 470 m2.yr‐1 between 1949/1984 to 219 m2.yr‐1 between 2002/2012 (Table 4)
(Figure 39).

82 | P a g e

Accretion trends are more variable. There was negligible accretion between 1949 and 1984.
There was 201 m2 of accretion between 1984 and 1993, 235 m2 of accretion between 1993 and
2002 and 117 m2 of accretion between 2002 and 2012 (Figure 38). When converted to yearly
rates of accretion there was negligible accretion between 1949 and 1984, 22 m2.yr‐1 of accretion
between 1984 and 1993, 29 m2.yr‐1 of accretion between 1993 and 2002 and 12 m2.yr‐1 of
accretion between 2002 and 2012 (Figure 39).

Figure 37. Berrys Canal Erosion and Accretion area for 1949‐1984, 1984‐1993, 1993‐2002 and 2002‐2012 to the
extent of 2002 bank position data
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Figure 38. Total amount of erosion and accretion along Berrys Canal for 1949‐1984, 1984‐1993, 1993‐2002 and
2002‐2012 for the extent of the 2002 bank data. Note that the time intervals are not equal.
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Figure 39. Berrys Canal erosion and accretion annual area for 1949‐1984, 1984‐1993, 1993‐2002 and 2002‐2012 to
the extent of 2002 bank position data. Note the pattern of gradual decrease in annual rate of erosion.
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Table 4. Berrys Canal erosion and accretion between 19491984, 19841993, 19932002 and 20022012
covering the extent of the 2002 data.

1949‐1984
1984‐1993
1993‐2002
2002‐2012

total erosion
(m²)
16447.75
4095.09
2723.64
2191.89

erosion/year
(m²)
469.94
455.01
340.46
219.19

± area of
inaccuracy (m²)
234.97
227.505
170.23
109.595

total accretion
(m²)
0.001139
200.54
235.3
117.22

accretion/year
(m²)
3.25E‐05
22.28
29.41
11.72

±area of inaccuracy
(m²)
0.00001625
11.14
14.705
5.86

5.5 Channel bed survey and transects
Berrys Canal river bed was mapped using a Ceeducer Pro survey sounder. The survey tracks are
shown in Figure 41. This was combined with the 2012 bank position data to create a three
dimensional Triangular Irregular Networks (TIN) model of Berrys Canal which was executed in
ArcGIS (Figure 40).
The deepest sections of the canal are located on the outside bends along Numbaa Point to the
northern end of Apple Orchard Island and Comerong Island. The shallowest areas are on the
inside bends of the canal most significantly along the middle section of Apple Orchard Island.
The sections of canal bed on the outside bends of the canal deepened quickly, reaching depths of
‐5m AHD only 5‐10m from shore.
The Berrys Canal TIN was then used to repeat several transects that were surveyed in 1982 and
1992 (Appendix 4). The 2012 transects were compared with the previous transects to
determine changes in bed shape over time. This was achieved by digitising the 1982 and 1992
transects and then overlaying them onto the 2012 transects (Figure 42‐47).
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LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Figure 40. The Triangulated Irregular Network (TIN) model of Berrys Canal. The channel reaches a depth of 12.23 m and note how the deep sections of the canal correspond with the
outside bends.
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LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Figure 41. Berrys Canal channel bed survey tracks, 2012 bank survey points and transect locations. Note that the channel bed survey did not extend over the full study area. Instead it
focussed on area of the NPWS Nature Reserve bank that is significantly eroding.
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Figure 42. Berrys Canal transect 1 comparing transects from 1982, 1992 and 2012. Note the transects were surveyed
from the north east bank to the south west bank.

Figure 43. Berrys Canal transect 2 comparing transects from 1992 and 2012. Note the transects were surveyed from
the north east bank to the south west bank.

Figure 44. Berrys Canal transect 3 comparing transects from 1992 and 2012. Note the transects were surveyed from
the north east bank to the south west bank.
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Figure 45. Berrys Canal transect 4 comparing transects from 1992 and 2012. Note the transects were surveyed from
the north east bank to the south west bank.

Figure 46. Berrys Canal transect 5 comparing transects from 1992 and 2012. Note the transects were surveyed from
the north east bank to the south west bank.

Figure 47. Berrys Canal transect 6 comparing transects from 1982, 1992 and 2012. Note the transects were surveyed
from the north east bank to the south west bank.
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The 2012 Berrys Canal transects have been created from the TIN model. They can therefore
only be compared to the surveyed cross‐sections for 1982 and 1992 in a semi‐quantitative
manner as they are averaged representations of the Berrys Canal bed. They can, however, be
qualitatively assessed for change in channel overall cross‐sectional area and the change in width
can be quantitatively assessed as the bank location has been accurately measured (± 4.3 cm
horizontally and ± 18.7 cm vertically). Transect 1‐6 expose a trend of channel enlargement
through time. It has widened most dramatically downstream at transect 1, on the outside bend
of the canal adjacent to Comerong Island. Over time, the cross‐sectional area appears to have
remained constant or increased (Transect 1‐6). The channel is not simply meandering, but
eroding into both banks over time, which suggests that the whole system is still enlarging and
therefore adjusting. The channel shape is deepest on the outside bend of the channel and
shallowest on the inside bend of the channel (Transect 1‐6).

5.6 Thalweg position
The horizontal thalweg position has been mapped by drawing a line between the deepest points
of each channel bed Ceeducer pro crossing. This was compared to the past path of the thalweg
to see if its position has changed with time and to discover if there is any correlation with the
major areas of erosion occurring along the banks of Berrys Canal. The method undertaken to
compare the 2012 thalweg with historical thalweg positions is limited to qualitative analysis.
The data indicates that the thalweg has generally remained close to the outside of bends and
crosses the width of the canal between these bends (Figure 48). Over time the thalweg has
migrated towards the north east along Nobles Island and has migrated towards the south west
near Numbaa point. The 2012 thalweg location continues this trend, migrating towards the
outside of the bends along Nobles Island to Numbaa Point. North of Numbaa Point the thalweg
appears to have remained reasonably stationary; this is most likely a result of the rock
protection installed between 1902‐1908.
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Figure 48. The horizontal position of thalweg in Berrys Canal in 1901, 1924, 1982 and 2012. The 2012 thalweg was
projected onto an image created by PWD (1988).
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5.7 Thalweg depth over time
The thalweg depth was measured in much the same way as the thalweg horizontal position was
surmised. The deepest point for each track in the Ceeducer pro survey was ascertained and its
distance along the canal was measured. This was then graphed and placed on top of the
previous thalweg depth graph created for the PWD (1988) (Figure 49).
The depth of the thalweg has increased with time from 1857‐1982. The projection of the 2012
thalweg cannot be quantitatively assessed as it has been approximately placed on the original
graph. However, it does appear to produce some interesting trends that may be investigated in
more detail in future. The thalweg depth appears to have increased significantly between
Numbaa Point and O’Keefes Point. The depth appears to have reduced between the northern
and southern ends of Apple Orchard Island. The previous thalweg depth data is significantly
more detailed than the 2012 data and therefore these trends are likely to have some degree of
inaccuracy. However, the deepening of the thalweg between Numbaa and O’Keefes Point
suggests significant bed scour has occurred and, if verified, would identify a major area of
channel erosion. The considerable channel scour at this point would likely be due to the rock
wall protection forcing the channel flow to scour the low tide bench rather than the bank. The
aggrading of the channel bed between the northern and southern end of Apple Orchard Island
could be as a result of the channel widening. This may indicate that the channel has increased its
capacity through channel widening rather than channel scour.
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Figure 49. Thalweg depth along channel in 1857, 1901, 1924, 1982 and 2012. The graph was appropriated form PWD (1988). Note the significantly deeper 2012 thalweg between
Numbaa Point and Greenwell Point.
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5.8 Bank inventory
The elements forcing the evolution of the channel are not likely to be exclusively due to tidal
scour. While tides can have the strength to erode this magnitude of bank, the pattern of erosion
through space and time is not representative of tidal forcing. The erosion and accretion patterns
are not evenly distributed, therefore are not maintaining the channel width through time, which
is not the pattern expected if the banks were being tidally expanded. The river bank expansion
pattern through space and time is likely to be due to fluvial processes such as the position of the
thalweg. The thalweg is the point where the highest channel velocities are present. Due to the
meandering character of the channel, where the thalweg coincides with the outer bank, it causes
high shear stress and velocity gradients. When hydraulic shear coincides with the lower bank,
undercutting occurs. This investigation indicates that the thalweg does coincide with the
prominent locations of erosion (Figure 48). These areas are the northern and southern ends of
Apple Orchard Island and Comerong Island’s outer bend bank opposite Apple Orchard Island.
Another possibility, is that bank sediment composition and vegetation species distribution
along the bank could act as change resisting variables, influencing the pattern of erosion
through space. In the following chapter a preliminary bank inventory has been carried out to
analyse the likelihood that bank sediment composition and vegetation are controls on riverbank
erosion patterns.
The bank inventory was conducted on the 17/08/12. At low tide Berrys Canal bank on
Comerong Island within the study area was qualitatively assessed for varying bank shape along
the canal. The bank was identified as having 9 different sections of bank shape (Figure 50). The
Comerong Island Bank was the only bank assessed as this is a pilot bank inventory which, if
proven successful, could be expanded to the assessment of both banks in greater detail.
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LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004
Figure 50. Extent of Sections along Berrys Canal and the location of sample sites

Each bank type was documented noting location, vegetation type, soil saturation, presence of
bank protection, evidence of active erosion and bank composition. The bank was sketched,
sediment samples were taken and the bank was also documented through photography. Each
bank section is described below and the generalised bank profile is depicted.
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5.8.1 Site 1
Site one is located at the south eastern end of the study area on Comerong Island’s shore (Figure
50). It was sampled and documented at 11am on the 17th of August 2012. The site 1 GPS
location is 0293625E 6135442N.
This bank section environment is characterised as estuarine mangrove forest (South Coast
Illawarra Vegetation Integration (SCIVI), 2009) and is populated with mature mangroves (~4m
tall) and few adolescent mangroves (~1‐2m tall) (Grey Mangrove (Avicennia marina)). Some of
the mature mangroves have fallen into the water (Figure 52, c). There is an abundance of
pneumatophores along the site one bench and the top of the bank is populated with grasses
(Figure 51). The bank is dry above the water table and there is no bank protection along this
stretch of bank. The slope of the bank is shallow and the bench even shallower stretching out
into the canal at a low angle (Figure 51).
The bank sediment was sampled in two places, on top of the bank and on the bench (Figure 51).
The bank sample consisted of 97.66% sand and 2.34% silt and the bench sample consisted of
100% sand (Figure 72). The bank and bench sediment is therefore classified as sand (Figure
73).

Figure 51. Site 1 bank profile; note the shallow bank slope, presence of mangroves (Grey Mangrove (Avicennia
marina)), pneumatophores, grass and the location of the bank material sample points. Refer to Figure 50 for site
location. V.E. = 0
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Figure 52. Site 1 photographs documenting the environment. Photograph (a) depicts the site scale, photograph (b)
depicts the shallow slope of the bank and photograph (c) presents the presence of mangroves collapsing into the
water.
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5.8.2 Site 2
Site two is located at the south eastern end of the study area on Comerong Island’s shore (Figure
50). It was sampled and documented at 11:40am on the 17th of August 2012. The site 2 GPS
location is 0293441E 6135465N.
The environment along this section is characterised as Estuarine Mangrove Forest (SCIVI, 2009)
and the bank and bench is populated with mature (~8 m tall) and adolescent mangroves (~1‐2
m) (Grey Mangrove (Avicennia marina)). The bank is populated with grass. The
pneumatophores on the bench are elevated above the sediment as a result of erosion processes
(Figure 54, c). The sediment is saturated but the bank is at a very low elevation and is likely
inundated at high tide (Figure 53). There is no bank protection along this stretch of the bank.
The angle of the bank is shallower than site one, however, like site one, the bench has a very
shallow dip heading out into the canal.
The bank sediment was sampled twice (Figure 53). Sample one consisted of 68.2% sand, 27.6%
silt and 4.2% clay and sample two was 43.41% sand, 47.1% silt and 9.49% clay (Figure 72).
Therefore sample one is silty sand and sample two is sandy silt (Figure 73).

Figure 53. Site 2 bank profile; note the shallow bank slope and narrow bench, the presence of mangroves (Grey
Mangrove (Avicennia marina)), pneumatophores and grass and the location of the bank material sample points. Refer
to Figure 50 for site location. V.E. = 2
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Figure 54. Site 2 photographs documenting the environment. Photograph (a) depicts the low elevation bank and the
lack of bench presence, photograph (b) depicts the scale of the site and photograph (c) depicts roots elevated above
the sediment surface refecting possible erosion occurring along this stretch of bank.
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5.8.3 Site 3
Site three is located towards the south eastern end of the study area on Comerong Island’s shore
(Figure 50). It was sampled and documented at 12 noon on the 17th of August 2012. The site
three GPS location is 0293137E 6135568N.
The environment along this section is classified as estuarine mangrove forest (SCIVI, 2009), the
bench is populated with mature (~4 m tall) and adolescent mangroves (~2.5 m tall) (Grey
Mangrove (Avicennia marina)) and is covered in pneumatophores (Figure 56). The bank and
behind the bank is populated with casuarinas (Glauca) and grass. The bank above the water
table is dry and is not protected by engineered bank protection works. The slope of the bank is
reasonably low and is similar to site one (Figure 55). The bench slopes of at a low angle into the
canal.
The bank sediment sample was 95.86% sand, 3.86% silt and 0.27% clay and the bench sediment
sample was 58.98% sand 35.31% silt and 5.71% clay (Figure 72). Therefore the bank is sand
and the bench is silty sand (Figure 73).

Figure 55. Site 3 bank profile; note the shallow bank slope and wide bench, the presence of mangroves (Grey
Mangrove (Avicennia marina)), pneumatophores, Casuarina (Glauca) and grass and the location of the bank material
sample points. Refer to Figure 50 for site location. V.E. = 0
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Figure 56. Site 3 photographs documenting the environment. Photograph (a) depicts the site scale, photograph (b)
depicts the shallow slope angle of the bank, note the abundance of pneumatophores in this location and photograph
(c) Depicts the area behind the mangrove shore (bankfull position).
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5.8.4 Site 4
Site four is located along the middle of the study area on Comerong Island’s shore (Figure 50). It
was sampled and documented at 1:30pm on the 17th of August 2012. The site 4 GPS location is
0292579E 6135983N.
The environment along this section is characterised as estuarine mangrove forest, estuarine
saltmarsh, mudflats and saltmarsh, and south coast swamp forest (SCIVI, 2009). The bank is
populated by grass; mangroves (~1‐1.5 m tall) (Grey Mangrove (Avicennia marina)) reside
sporadically along the bank and more prevalently further back into the island (Figure 58). Some
pneumatophores reach out from the vertical bank face as can be seen in Figure 58, (c). The bank
is collapsing in places into the canal as block fall which appear to be entrained once they detach
from the bank (Figure 58). The bank is vertical and drops off sharply into the canal. The
topography directly behind the bank is flat. There is no bank protection along this stretch of the
bank and the bank is not saturated above the water table. The bank is vertical and the bench
dips off into the canal at a sharp angle (Figure 57).
The bank sediment was sampled at the top and bottom of the bank (Figure 57). The top of bank
sample was 28.58% sand, 59.26% silt and 12.16% clay and the bottom of the bank consisted of
59.87% sand, 34.49% silt and 5.64% clay (Figure 72). The top of the bank is therefore sandy silt
and the bottom of the bank is silty sand (Figure 73).

Figure 57. Site 4 bank profile; note the vertical bank shape, the block fall at the foot of the bank, the presence of
mangroves (Grey Mangrove (Avicennia marina)) and grass and the location of the bank material sample points. Refer
to Figure 50 for site location. V.E. = 0
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Figure 58. Site 4 photographs documenting the environment. Photograph (a) depicts the site scale, photograph (b)
depicts the vertical bank shape and the absence of mangroves in large stretches of this section and photograph (c)
depicts the vertical bank and presence of mangroves along large stretches of this bank. Note the block fall, which is
evident in photographs (b) and (c).
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5.8.5 Site 5
Site one is located midway along the study area on Comerong Island’s shore (Figure 50). It was
sampled and documented at 2pm on the 17th of August 2012. The site 5 GPS location is
0292383E 6136302N.
The environment along this section is classified as south coast swamp forest (SCIVI, 2009). The
bank is populated with grass and Casuarina (Glauca) (~8 m tall). Some Casuarina have
collapsed into the canal (Figure 60, (b)). This collapse has been assumed to occur on a fairly
regular basis and is not only caused by large floods, but medium rain events as witnessed
during this study. In the space of only two weeks five casuarinas where observed to have fallen.
Between the two visits there had been no major flooding but some medium rain events. The
bank is dry above the water table and there is no bank protection along this stretch of bank. The
bank is shaped with a vertical face and a steep drop off into the canal (Figure 59).
The bank sediment was sampled at both the top and bottom of the bank (Figure 59). The top
bank sample consisted of 21.31% sand, 63.69% silt and 15.01% clay and the base bank sample
consisted of 31.76% sand, 58.04% silt and 10.2% clay (Figure 72). Therefore, the top and base
of the bank are sandy silt (Figure 73).

Figure 59. Site 5 bank profile; note the vertical bank shape and the evidence of block fall, the presence of Casuarina
(Glauca) and grass and the location of the bank material sample points. Refer to Figure 50 for site location. V.E. = 0

104 | P a g e

Figure 60. Site 5 photographs documenting the environment. Photograph (a) depicts the site scale, photograph (b)
depicts the casuarinas that have fallen into the canal and photograph (c) depicts the characteristic vertical bank along
this section. Note the block fall that is evident in photographs (a) and (c).
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5.8.6 Site 6
Site six is located towards the north western end of the study area on Comerong Island’s shore
(Figure 50). It was sampled and documented at 2:30pm on the 17th of August 2012. The site 6
GPS location is 0291973E 6136620N.
The environment along this section of bank is classified as mudflats and saltmarshes and south
coast swamp forest (SCIVI, 2009). The bank is populated with grass, casuarinas (~8 m tall)
(Glauca) and some mature mangroves (~4 m tall) (Grey Mangrove (Avicennia marina)) are
present on the bench and further behind the bank. Casuarinas on the bank are collapsing into
the canal (Figure 62, c). Their bent trunk shape suggests that erosion is occurring at a slow rate.
This appears to be the case as casuarinas grow vertically whereas these casuarinas are observed
to have curved trunks. This suggests that the casuarinas have curved over time as the ground
beneath them eroded and slowly collapsed, changing the angle of their base. The bank is dry
above the water table and there is no protection along this stretch of bank. The slope of the bank
is near vertical, with a concave top layer arching over the eroding bank face (Figure 61). The
bench is at a low slope angle and dips gently into the canal (Figure 61). There is some erosion in
this location evident in some block fall at the foot of the vertical face (Figure 61).
The bank sediment was sampled on top of the bank, the face of the collapsing bank and on the
bench (Figure 61). The top of the bank sample consisted of 38.54% sand, 52.13% silt and 9.33%
clay. The face of the collapsing bank consisted of 41.6% sand, 46.58% silt and 11.81% clay and
the bench sample consisted of 64.72% sand, 29.01% silt and 6.27% clay (Figure 72). The bank
and its collapsing face consist of sandy silt and the bench is silty sand (Figure 73).
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Figure 61. Site 6 bank profile; note the vertical bank profile with the overhanging bank material and the shallow
sloping bench, the presence of mangroves (Grey Mangrove (Avicennia marina), pneumatophores, Casuarinas (Glauca)
and grass and the location of the bank material sample points. Refer to Figure 50 for site location. V.E. = 0
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Figure 62. Site 6 photographs documenting the environment. Photograph (a) depicts the site scale, photograph (b)
depicts the Casuarina’s bent trunks, which has occurred during their growth and photograph (c) depicts vegetation
collapsing into the canal. Note the overhanging bank evident in photographs (a) and (b).
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5.8.7 Site 7
Site seven is located towards the north western end of the study area on Comerong Island’s
shore (Figure 50). It was sampled and documented at 4pm on the 17th of August 2012. The site
seven GPS location is 0291876E 6136673N.
The environment along this bank is south coast swamp forest and mudflats/saltmarshes (SCIVI,
2009). The bank and bench is populated with grass, mature (~3 m tall) and adolescent
mangroves (Grey Mangrove (Avicennia marina)) and pneumatophores. The bank is dry above
the water table and there is no protection along this stretch of bank. There is a rock wall
protecting the bank directly north of this section. The bank is vertically shaped with a shallow
dipping bench sloping down into the canal (Figure 63). There is some erosion in this location, as
there is some block fall at the foot of the vertical face (Figure 64, (a)).
Along the canal bank there is evidence of a grey bank sediment layer cropping out. In this
section of bank the layer is clearly defined and has been sampled. The top of the bank, the grey
layer and the bench have been sampled (Figure 63). The top of the bank consists of 66.41%
sand, 28.13% silt and 5.46% clay. The grey layer consists of 35.08% sand, 51.52% silt and
13.4% clay and the bench consists of 65.05% sand, 29.53% silt and 5.42% clay (Figure 72). The
top of the bank is silty sand, the grey layer is a sandy silt and the bench is silty sand (Figure 73).

Figure 63. Site 7 bank profile; note the vertical bank shape and occurrence of block fall, the presence of mangroves
(Grey Mangrove (Avicennia marina)), pneumatophores and grass and the location of the bank material sample points.
Refer to Figure 50 for site location. V.E. = 2
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Figure 64. Site 7 photographs documenting the environment. Photograph (a) depicts the site scale, photograph (b)
depicts the low sloping bench and sparse vegetation on the bench and photograph (c) depicts the bank in relation to
the bench. Note the relatively bare bench and grass covered bank with overhanging sections. Note the block fall that
is evident at the foot of the bank in photograph (a).
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5.8.8 Rock Wall
The rock wall is marked in Figure 50 and was not sampled as the preservation of the bank
position at this location was assumed to be maintained by the rock wall and therefore sampling
and observations of sediment, vegetation and bank angle were not necessary.

Figure 65. Rock Wall photographs documenting the environment. Photograph (a) depicts the start of the rock wall,
photograph (b) depicts a middle section of the rock wall where the environment behind is estuarine fringe forest,
photograph (c) depicts a middle section of the bank future downstream where the environment behind the wall
changes from estuarine fringe forest to estuarine mangrove forest and photograph (d) shows the end of the rock wall
extending out into open water. This estuarine mangrove forest section, behind the rock wall, appears to be an old
levee bank. Refer to Figure 50 for site location.
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5.8.9 Site 8
Site eight is located towards the north western end of the study area on Comerong Island’s
shore (Figure 50). It was sampled and documented at 3pm on the 17th of August 2012. The site
8 GPS location is 0291227E 6136823N.
The environment along this bank is classified as estuarine mangrove forest, estuarine fringe
forest and cleared land (SCIVI, 2009). The bank is populated with mixed vegetation. There are
casuarinas (Glauca) (~8 m tall), at least two species of grass (Figure 67, (a)), and mangroves
(Grey Mangrove (Avicennia marina) (~4 m tall). There are pneumatophores on the bench in
front of the bank in some areas. The bank is dry above the water table and there is no protection
along this stretch of bank. There is bank protection directly south of this section. There is
evidence of undercutting along the bank, which has resulted in an overhanging bank. There are
minimal blocks sitting at the base of the vertical bank. The slope of the bank is vertical but short
and overhangs in some areas. The bench dips gently towards the canal (Figure 66).
The top of the bank and the bench sediment were sampled (Figure 66). The top of the bank
consisted of 58.9% sand, 33.7% silt and 7.4% clay and the bench sample consisted of 41.13%
sand, 46.81% silt and 12.06% clay (Figure 72). The bank sediment is therefore classified as silty
sand and the bench sediment is classified as sandy silt (Figure 73).

Figure 66. Site 8 bank profile; note the vertical bank shape and small overhang, the presence of some mangroves
(Grey Mangrove (Avicennia marina), pneumatophores, Casuarinas (Glauca) and grass types and the location of the
bank material sample points. Refer to Figure 50 for site location. V.E. = 0
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Figure 67. Site 8 photographs documenting the environment. Photograph (a) depicts the site scale and photograph
(b) depicts narrow, low sloping bench and mixed vegetation characteristic along this bank section. The environment
behind the bank is classified as estuarine fringe forest.
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5.8.10 Site 9
Site nine is located at the north western end of the study area on Comerong Island’s shore
(Figure 50). It was sampled and documented at 3:30pm on the 17th of August 2012. The site
nine GPS location is 0291037E 6137013N.
The environment behind this bank was originally estuarine fringe forest, but has been cleared in
the past for agricultural purposes and is now populated largely with grass (SCIVI, 2009). The
bank is populated with grass which overhangs the bank scarp (Figure 69, a and b). The bank is
shaped vertically and is reasonably high (~1.5 m tall). There appears to be some undercutting
and block collapse as there is overhanging top soil layers covered in grass (Figure 68). The
bench is extensive and is at a very low slope as it enters the canal (Figure 68). The bank is dry
above the water table and there is no protection along this stretch of bank.
The bank and bench sediment were both sampled (Figure 68). The bank sample consisted of
31.95% sand, 57.44% silt and 10.5% clay and the bench consists of 79.79% sand, 16.94% silt
and 3.28% clay (Figure 72). The bank sediment is therefore classified as sandy silt and the
bench sediment is classified as sand (Figure 73).

Figure 68. Site 9 bank profile; note the vertical bank profile, overhang and occurrence of block fall, the presence of
grass and the location of the bank material sample points. Refer to Figure 50 for site location. V.E. = 0.5
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Figure 69. Site 9 photographs documenting the environment. Photograph (a) depicts the site scale and photograph
(b) depicts the wide, low sloping bench and overhanging bank held together with thick grass.

115 | P a g e

5.9 Vegetation forcing change in the Berrys Canal system
In order to assess whether vegetation was a forcing or resisting factor effecting change along
Berrys Canal, the vegetation species was recorded at each bank inventory site (Figure 51, 53, 55,
57, 59, 61, 63, 66 and 68). The presence or absence of these vegetation species was then
graphed against the distance of bank position change along Comerong Island’s bank between
1949 and 2012 (Figure 70).
There is no clear correlation between vegetation species and presence or absence of bank
change. Casuarina (Glauca) was recorded at the majority of sample sites and grass was
documented at every sample site. Mature mangroves (Grey Mangrove (Avicennia marina) and
pneumatophores were present at most sample sites but were noticeably absent at site 5 where
significant erosion is occurring. Adolescent mangroves were documented in the middle to south
eastern reaches of the canal but were also absent in significant areas of erosion between sites 5
and 6.

This indicates that the absence of mangroves corresponds with the presence of

significant bank erosion. The nature of the relationship is unclear. It may indicate that
mangroves stabilize the bank, prevent erosion and therefore in their absence significant erosion
occurs. Conversely rapidly eroding steep banks may prevent their presence. While this analysis
the species of vegetation associated with bank change it does not account for the density of
vegetation or root structure. These variables could significantly impact upon the banks cohesion
and its susceptibility to erosion. It would be beneficial to investigate the association of
vegetation and root density along banks with patterns of erosion.
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Figure 70. Species of vegetation and the distance of erosion that has occurred between 1949 and 2012 along Comerong Island’s bank. Note the absence of mangroves along the
section of bank experiencing the most significant erosion.
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5.10 Sediment analysis
Sediment analysis of Comarong Island’s bank showed no clear trend in sediment composition
that would relate to erosion vulnerability. Clay content was comparatively low and variable
ranging from 0% to 15.01% over all the samples. Sand content ranged from 100% to 21.31%
throughout the samples, with no clear trend in sand content across samples. Although, the
samples along the middle of the study area did tend to have lower sand content than at the
southern and northern ends of the study area. Silt was highly variable peaking at 63.69% and
was 0% at its lowest (Figure 72). When the sediment was assessed on a triangular plot it was
evident that the bank is composed of largely sand, silty sand, and sandy silt (Figure 71).

Figure 71. Bank and Bench sediment samples taken from sections 1‐9 on Berrys Canal. The sediment is sand, silty
sand and sandy silt. Diagram appropriated from Shepard (1954) model.
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Figure 72. Comerong Island’s bank sediment composition. Note the slightly elevated proportions of sand on the north western and south eastern samples and the low clay content
throughout all the samples. The sample sites are marked in Figure 50 and the coordinates are outlined throughout section 5.8.
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5.10.1 Sediment character forcing change in the Berrys Canal system
The bank sediment samples were mapped on a graph against the distribution of erosion along
Comerong Island’s bank (Figure 73). There is no clear pattern of sand, silt or clay sediment
distribution along Comerong Island’s bank. There is very little clay and variable percentages of
sand and silt in the bank sediment. Note that sand is the dominant bank sediment in the south
eastern end of the study area.
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Figure 73. The bank sediment composition and the distance of erosion that has occurred between 1949 and 2012 along Comerong Island’s bank. Note the lack of correlation between
sediment composition and distribution and the magnitude of erosion along Comerong Island’s bank.
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Chapter 6 – The evolution of Berrys Canal
6.1 Introduction:
This thesis has focused on determining the present stability of Berrys Canal. This assessment
has been undertaken to determine best management practices for the NPWS nature reserve on
the boundary of Comerong Island that adjoins Berrys Canal (Figure 1). This was achieved by
updating historic bank location data, channel shape (including transects, thalweg location and
thalweg depth) and calculating erosion rates in terms of distance and area. Additionally a bank
characterisation of the Comerong Island nature reserve was executed. This section of bank was
focussed on as it has been the portion of the channel subject to the most pronounced erosion.
The bank inventory documented the bank shape, sediment character and vegetation type. In
order to determine channel change, forcing and resisting variables, vegetation species present
and bank sediment character, were compared with the pattern of erosion along the canal. As a
result, the channel stability, erosion resisting and forcing variables, system equilibrium
classification and recovery interval for the Berrys Canal system are analysed.

6.2 Discussion:
The erosion of Berrys Canal commenced in 1822 after the excavation of a channel through the
sand spit that separated the Shoalhaven River from the Crookhaven River back waters. Since
this time, internal and external variables have shaped the evolution of Berrys Canal into the
dynamic system that is present today.
A systems framework has been used to analyse evolutionary changes in the Berrys Canal
system. The change in the fluvial regime introduced by the excavation of Berrys Canal resulted
in a change in boundary conditions. This was the likely cause of a positive feedback loop that
encouraged the system towards an internal critical threshold which, when reached, moved the
system towards a new equilibrium. This change in boundary conditions is the likely forcing
variable that impacted upon the intrinsic variables of the existing system, inducing feedback
responses. As the physical system changed due to the introduced fluvial conditions, the fluvial
conditions in turn adjusted to the changing physical setting. The boundary and intrinsic
variables have not been stationary but dynamic. Therefore, as the system works toward the new
equilibrium, the pathway of change is likely to be irregular.
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6.2.1 Significant erosion along Berrys Canal
The Berrys Canal banks are continuing a pattern of channel widening through time. In spite of
the inherent error in the related data, the comparison of the 2012 bank location to the OEH
provided historic bank locations from 1949, 1984, 1993 and 2002, revealed that the canal has
continued a pattern of channel widening through time (Figure 19, Plate 1‐5). This pattern of
channel enlargement is a continuation of the bank widening trend present in historical bank
retreat assessments (Appendix 1 and 2).
The channel is not only widening but enlarging its volume. The 2012 channel transects, when
compared to historic channel cross‐sections (Figure 41‐47), revealed the channel was generally
retaining its cross sectional area or it was progressively enlarging. While it must be kept in mind
that the 2012 transects are averaged representations of the present channel shape, they
indicate a continuation of the trend in channel enlargement present in past studies (Appendix
1). The past studies of channel shape indicate that the canal widens and deepens with time. In
the reaches of the canal between Numbaa Point and O’Keefes Point, the channel does not widen
as much as it significantly scours the channel bed. This scouring is likely to be related to the
rock walls protecting the banks but allowing intertidal bank scour and, therefore, toe and bed
scour. Conversely, between Apple Orchard Island and Comerong Island, the channel is currently
widening the banks but maintaining the channel depth. While it was beyond the scope of this
study to accurately quantify the area/volume of channel cross‐section enlargement, it is a focus
for future studies.
6.2.2 Lagged response to disturbance
It is therefore clear that the Berrys Canal system is not simply migrating but enlarging as a
whole. This demonstrates that Berrys Canal is not a system in equilibrium but is an unstable
system adjusting to a disturbance. Unstable systems occur when a system is disturbed by a
change in an external boundary condition. The change feeds through the system and, if it results
in a positive feedback, the change is reinforced. The system will then be unstable until a
threshold is reached. If a threshold is reached, the system will adjust to achieve a new
equilibrium. This appears to be the case in relation to Berrys Canal. The change in boundary
conditions is the excavation of Berrys Canal and the subsequent new fluvial regime for the
upper segment of an arm of the Crookhaven tidal system. This external change in boundary
conditions has initially introduced instability into the system. Once the system has been fully
impacted by the disturbance (lag time), the system will then work towards a new equilibrium.
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When the system eventually reaches this new equilibrium it will be fully recovered from the
original disturbance. There is a lag time in geomorphological systems because time is required
for morphology to react to adjustments in processes. This is depicted as the reaction time in
Figure 15. In the case of Berrys Canal it would appear that the reaction time (lag time) in this
system has continued over the last 190 years and, as it is still eroding, the recovery period is not
yet finished.
Similar system response times were found by Nielson and Gordon (2011) as a result of the
construction of entrance breakwaters at Wallis Lake, Wagonga Inlet, Narooma and Lake
Macquarie. These constructions induced positive feedbacks which progressively increased the
tidal range leading to the unstable scouring of these systems. Nielson and Gordon (2011) found
that in the three estuaries, their response time so far was in the order of decades if not
centuries. Wallis Lake has been adjusting for 114 years and is expected to adjust for another
450 years before it reaches a cross‐section in equilibrium. Wagonga Inlet has been adjusting for
36 years and is predicted to scour its bed for another 110 years. Lake Macquarie system has
been adjusting 134 years after the entrance construction and its rate of erosion is increasing,
requiring another 600 years to reach system equilibrium. The mitigation of the erosive
processes necessary to avoid considerable system scour in these examples would require
extensive and expensive hard engineering solutions (Nielson and Gordon 2011). When
considering Berrys Canal and these three estuaries, it is clear that response times can be lengthy
and this should be taken into account when considering the management of natural systems
with hard engineering.
6.2.3 Rate of erosion
The rate of erosion through time will identify the point along the response path at which the
Berrys Canal system resides. It is difficult to determine the response period for natural systems
as their lagged responses are often complicated by secondary lagged responses in sub‐systems.
However, by identifying the rate of change in the Berrys Canal system, it may be possible to
identify what point the system is at along Woodroffe’s (2003) model of system response to
change, determining the systems progress in its path to recovery.
The rate of erosion to the extent of the 2012 data (Figure 74), decreased with time from 4.5
km².yr‐1 between 1984 and 1993, to 3.4 km².yr‐1 between 1993 and 2012. This decreasing
pattern of erosion was similar for the upstream end of the study area (extent of the 2012 bank
data) (Figure 75). The rate of erosion decreased from 470 m².yr‐1 between 1949 and1984 to
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455 m².yr‐1 between 1984 and 1993 and from 340 m².yr‐1 between 1993 and 2002 to 219
m².yr‐1 between 2002 and 2012. The extent of the canal that these data sets covered spatially
and temporally, reflected continued canal expansion at a decreasing rate over the last 3‐6
decades (Figure 74).
In spite of the error associated with the historical bank data collection and the 2012 bank data
accuracy, there is still a valid trend of decreasing rates of erosion. However, the calculated rates
of erosion are coarse. There are only three bank surveys over a 28 year period for the extent of
the 2012 bank data and five bank surveys for a 63 year period for the extent of the 2002 bank
data. It is therefore difficult to identify a trend of erosion through time when intervening
processes or outlier events may have skewed the bank change data. It is critical that this is
considered when identifying the past and possible future trends within the Berrys Canal system.
The decreasing rates of erosion potentially reflect the response in the system to change in
boundary conditions Woodroffe (2003) modelled (Figure 78). It reflects a system in its latter
stages of response, where rates of change are slowing down as a new equilibrium is approached.
However, when the average rate of area erosion was calculated for the extent of the 1949 data
(Figure 76), the trend of decreasing erosion was contradicted. It reveals a fluctuation in the
rates of erosion from 2.4 km².yr‐1 between 1949 and 1984 to 3.9 km².yr‐1 between 1984 and
1993 and 1.9 km².yr‐1 of erosion from 1993 to 2012.
Due to the limitations of the 1949 bank data set, it is not possible to verify if this is the trend in
erosion for the entire study area. However, if it were to be the representative rate of erosion for
the entire study area, the variable rate of erosion appears to contradict the decreasing rate of
erosion identified with a system moving towards equilibrium (Woodroffe 2003) (Figure 81).
The variable rate of erosion may be reflecting the erratic decrease in the erosion characteristic
of a system adjusting to changes in more than one boundary condition (Woodroffe 2003). The
limitations of the temporal scale of this study, in terms of data availability, restrict the
investigation of this scenario. It is important to keep in mind that this study examines up to a 63
year period of a system adjustment that has been operating for 190 years. The coarse nature of
the available data could mask true trends and therefore the impact of factors causing system
change.
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Figure 74. The rate of erosion in Berrys Canal to the extent of the 2012 bank data. Note the gradual decrease in rate of
erosion through time. Refer to Figure 19and Plate 1‐5 for the extent of the 2012 data.

Figure 75. The rate of erosion in Berrys Canal to the extent of the 2002 bank data. Note the gradual decrease in rate of
erosion through time. Refer to Figure 19and Plate 1‐5 for the extent of the 2002 data.
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Figure 76. The rate of erosion in Berrys Canal to the extent of the 1949 bank data. Note unusual rate of erosion
through time. It initially increases between 1984 and 1994 and then decreases between 1993 and 2012. Refer to
Figure 19and Plate 1‐5 for the extent of the 1949 data.

6.2.4 Erosion forcing variables
The erratic trend of erosion identifies the erosion forcing factors as sporadic in nature. Possible
fluvial forcing variables include wind waves, boat waves, fluvial entrainment, pre‐wetting of
banks and therefore weakening, tidal scour and bankfull scour during high flow events. Tidal
scour, being highlighted as a previous erosion forcing variable in the lower Shoalhaven, and the
variable nature of high flow events in the Shoalhaven region, indicates that it may be the other
dominant erosion forcing variable. While the analysis of wind and boat wave influence on bank
erosion was beyond the scope of this study, their influence on erosion along the length of Berrys
Canal is another focus for future analysis.
If erosion in Berrys Canal was predominantly tidally forced, as is inferred from earlier studies
(Public Works Department, 1988), then erosion trends would be predominantly steady. The
channel would widen through time and tidal erosion rates would reduce as tidal friction
decreased at the bank due the increasing capacity the channel. The fluctuation in erosion is
therefore not characteristic of tidally forced erosion as it is variable through time. This suggests
that sporadic fluvial forces such as heavy rainfall and flood events are influential factors in
channel scour.
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Patterns of episodic and variable rainfall are common on the south east coast of Australia and
are closely related to the variation ENSO cycles (Kirkup et al., 2007 and Power et al., 1999).
Investigation of the relationship between ENSO cycles and rates of Berrys Canal system change
are beyond the scope of this study and should be analysed in the future. The variation in erosion
rates does not mean that tidal forcing is to be discounted from the erosion forcing variables, but
rather that flood and tidal forces are likely allies in adjustment of the system (positive
feedbacks).
In past studies it has been postulated that the opening of Berrys Canal encouraged the semi‐
permanent closure of Shoalhaven Heads. This transpired due to the circulation pattern of tides
that made flood tide prominent at Shoalhaven Heads and ebb tide prominent at Crookhaven
heads. This process encouraged the siltation of Shoalhaven Heads and the scour of Berrys Canal
until the development of the present day situation of almost permanent closure of Shoalhaven
Heads. It has therefore been concluded in the past that tidal scour is the dominant erosion force
in the Canal.
When Shoalhaven Heads is closed, Berrys Canal must carry the full fluvial and tidal flow (Figure
77). Channel velocities have been found to be twice as fast in the canal when compared with the
Shoalhaven River due to Berrys Canal still being half the cross‐sectional size of the Shoalhaven
River (Public Works Department, 1988). This subjects Berrys Canal to tidal flows with enough
power to reshape and enlarge its channel. It is likely that the Berrys Canal construction and
subsequent increased tidal circulation through the canal due to the closing of Shoalhaven Heads,
has acted as a positive feedback mechanism intensifying the flood and ebb flows through the
smaller Berrys Canal.
However, as has already been stated, tidal forces cannot be solely responsible for the erosion
occurring in Berrys Canal as the rate of erosion has fluctuated through time. It is for this reason
that river flow forces are considered to play a greater role than previously credited in the
erosion occurring in Berrys Canal. The periodic storms and subsequent floods that are
characteristic of the South East Coast of NSW are likely to induce the irregular rate of erosion
present in Figure 76. The capture of both tidal and fluvial flows by the Crookhaven system and
subsequent increasing size of Berrys Canal has allowed the system to carry increasingly larger
volumes of flow through time making the Shoalhaven Heads sporadic breakthroughs less likely.
In light of this, in times of flood Berrys Canal will carry increasingly more floodwater as its
capacity increases before Shoalhaven Heads will open. The increased capacity of the Canal to
convey floods will allow the canal to continue scouring sporadically in times of flood or high
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flow. Flood forcing has therefore been underestimated in previous studies in the processes of
erosion in Berrys Canal and it is the processes of flood and tidal forces that shape the pattern of
erosion in Berrys Canal.

Figure 77. The flow of Berrys canal and Shoalhaven River in times of high flow and flood when Shoalhaven Heads are
closed and when Shoalhaven Heads are open. Note that that when Shoalhaven Heads are closed Berrys Canal must
convey the full flow of the Shoalhaven River.

6.2.5 Erosion resisting and forcing variables
The efficiency of fluvial erosion forcing variables can be hindered or helped by erosion resistant
and forcing variables. In order to identify these variables, the spatial pattern of erosion between
1949‐2012 (Figure 20‐29) was determined and compared with possible candidates. The area of
most significant erosion has been identified in this thesis as the south‐west bank of Comerong
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Island midway through the study area. It has eroded significantly over time (70‐139 m between
1949 and 2012) (Figure 78). Not only is this point in the channel widening, but the whole
volume of the bank is eroding right down to the toe of the bank at the channel bed. Similarly, on
the northern and southern end of Apple Orchard Island (Figure 78), there has been significant
erosion (48 ‐ 62 m between 1949 and 2012). The northern end of Apple Orchard Island has a
steep scarp which is likely to have been encouraged by the rock wall that was constructed in
1902‐1908, protecting the bank and forcing the river to scour the low tide bench and erode the
toe.

Figure 78. Depicts the locations of most significant erosion along Berrys Canal. Note the erosion is focussed on the
outside bend of the Canal that runs along the south west bank of Comerong Island and the northern and southern
ends of Apple Orchard Island.

6.2.6 Correlating erosion resisting and forcing variables
In past studies (Public Works Department, 1988 and Posford et al., 1977), it has been surmised
that the main causes of erosion throughout the Shoalhaven River has been flood induced scour
upstream and tidal induced scour in the lower Shoalhaven, which includes Berrys Canal (Public
Works Department, 1988). Erosion along the whole Shoalhaven River has generally been
focused on the outer bank of the channel bend in close proximity to the bank (PWD 1988). The
130 | P a g e

thalweg, dominant vegetation types and bank sediment character were measured and
compared to the pattern of erosion to determine if they were erosion resisting or forcing
variables.
The sediment character and vegetation species where measured and recorded at each sample
site in the bank inventory and then compared to the pattern of erosion along the canal (Figure
70 and 73). Although the sediment could arguably be non‐representative, as it was only
sampled from above the AHD, historical core data reflects that the banks along Berrys Canal are
consistent with the samples taken and consist of sand, silty sand and sandy silt (Thompson,
1999). The vegetation was documented very generally and not by a qualified biologist. It could
therefore be questionable, but its documentation was verified with referenced data from prior
reports (Thompson, 1999). The lack of correlation between the sediment character and the
erosion pattern indicates that it is not a dominant resistance variable influencing the pattern of
erosion through space and time (Figure 73). There is weak correlation between the lack of
mangrove and presence of erosion at site 5 in the bank inventory (Figure 70). While mangroves
can stabilize banks, they require a certain environment to grow. Therefore their absence may be
as a result of the erosion at this site or erosion may be present due to the lack of mangroves
stabilizing the bank.
By mapping the location and depth of the thalweg in 2012 (Figure 48 and 51), it is clear that the
thalweg is in the same location as the areas of most significant erosion. By comparing the
thalweg location through time, it is clear that its migration has dictated the location of the most
significant erosion up until the present day (Figure 48). The thalweg corresponds with the outer
bend of the river where the bank is steepest and has endured the most significant erosion. This
confirms the PWD (1988) study, which concluded that erosion occurs on the outer bends of the
canal.
Through the elimination of bank sediment character as a controlling factor and the weak
association of vegetation species with the erosion pattern, the strong thalweg correlation with
primary erosion patterns make it clear that the Berrys Canal erosion pattern correlates
significantly with hydraulically forced erosion processes. These processes are related to flow
diverted from the Shoalhaven River system through the construction of Berrys Canal. There is
little to no evidence suggesting that vegetation species or sediment character have any resisting
influence. It would perhaps be useful as a future study focus, to analysis the vegetation and root
density and compare this to erosion patterns along the canal.
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Figure 79. Adopted form Woodroffe (2003, p 456) depicts the adjustment of a dynamic system to three changes in
boundary conditions. The hydrodynamic regime is first change through the creation of the canal, the tidal regime and
high flow/flood regime subsequently gradually change over time in response to this initial change in boundary
conditions.

6.2.7 System evolution through dominant forcing factors
It appears that due to the initial change in boundary conditions (excavation of the canal leading
to the introduction of a new fluvial regime) several sub‐systems (tidal and fluvial) began to
adjust. Initially, the channel width began to erode and following an increasing rate of change
with time, the system widened and allowed more flow through the channel to erode the banks.
After this initial boundary change, two fluvial processes were then able to affect the system,
river flow and tidal flow (Figure 79).
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River flow’s capacity to erode the system would increase with time as the channel enlarged and
river processes had more potential surface area to erode. Its impact would be erratic, reflecting
the nature of river flows having greater impact on the system in times of flood where flow is
forced down the Shoalhaven River and through the much narrower Berrys Canal, reaching
velocities of twice that of the Shoalhaven River (Public Works Department, 1988). Similarly,
tidal erosion would increase with time having increasingly more surface area to erode as the
system enlarged. Its variation in influence would be affected by the high flow and flood events
as they may cause Shoalhaven Heads to open and change the tidal flow dynamics.
Once the system adjusts to a certain threshold (lag time finished) it would journey towards
towards a new equilibrium. The system speed of adjustment will now slowly decrease over time
until the system achieves equilibrium. The rate of erosion is likely to vary along this path due to
the two adjusting boundary conditions. It is therefore concluded that the system is in dynamic
equilibrium. This is due to the fact that boundary conditions are changing over time as the
channel widens and the flood and tidal regimes alter themselves accordingly, making them
dynamic variables.
Equilibrium is therefore a moving target where equilibrium morphology changes over time. In
this way the system may work as an asymptote, never quite reaching equilibrium, but processes
continually working towards a new equilibrium. This equilibrium is continuously being
interrupted and redirected by evolving physical and process responses within the system,
reflecting a continual co‐adjustment of form and process (Woodroffe, 2003).
The system is therefore likely to continue enlarging as it is not yet stable. The rate of erosion
could slow down if the system is approaching equilibrium, but the pattern is expected to be
variable due to the adjusting boundary conditions. Factors that will affect the achievement of
equilibrium will be any other changes in boundary conditions such as sea level change and
further engineering works in the Shoalhaven region that impact on the waterways.
Berrys Canal is an unstable system adjusting towards a dynamic equilibrium point as indicated
by the pattern of erosion slowing over time. This points to the rate of erosion continuing to
decrease into the future. The rate of erosion appears to be erratic due to the adjusting boundary
conditions (tidal and fluvial). The period of recovery to this point has been 190 years, a length
not uncommon for systems of this scale. The system is expected to erode at a slower rate over
time following erratic progress along this general trend. The areas of significant erosion are
expected to continue into the future if no engineered management practices are introduced into
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the system. The length of recovery of this system highlights the importance of considering the
impacts of engineering on the natural environment before taking action.
6.2.8 Limitations
A number of key limitations have affected the accuracy and validity of this study. They have
occurred throughout the process of fieldwork and analysis. It is important to keep them in mind
while drawing conclusions from this study.


The 2012 bank data accuracy was calculated. However, on the third day of data
collection the SCIMS marks were not recorded due to technical difficulties. Although it
was assumed that this datum had similar levels of accuracy to the bank data collected on
other days the true accuracy is unknown.



The accuracy of the historical bank locations was determined. The way in which these
bank locations were defined is unknown. If their definition of bank location is different
to the definition used in this study, error could be introduced into the comparison of
bank data.



The 2002 and 1949 bank surveys do not extend over the full study area and therefore
limited the analysis of rate of bank change.



The 2012 transects were created from a TIN model. They therefore do not represent the
shape of the true channel but the approximated shape of the channel. This limited the
data analysis to qualitative.



The 1982 and 1992 digitized transects were approximately overlain onto the averaged
2012 transects and therefore they are unlikely to be accurate. This method of
comparison only allowed for qualitative analysis.



The Ceeducer pro survey data were adjusted for tides to A.H.D. but there may have been
error introduced due to boat movement and accuracy of the instrument.



The large time periods between bank survey records introduces limitations into the
interpretation of the data. This coarse data may not be detailed enough to identify key
trends operating in the system.

6.2.9 Recommendations
It was beyond the scope of this study to investigate several factors that would enhance the
knowledge in this field.
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The specific assessment of the possible correlation between Berrys Canal system change
and ENSO cycles. While this study indicates that hydraulically related factors are the
primary system change forcing variables, the magnitude at which they influence change
in the system is unknown.



The introduction of a monitoring program to record velocities in the Berrys Canal
channel and the change in bank and channel shape over time would enhance the system
evolution data. The comparison of velocities in Berrys Canal to the Shoalhaven River can
indicate whether the system is still adjusting and to what degree. Additionally the
detailed monitoring of the channel morphology over time can verify whether the rate of
system change is in fact decreasing on an erratic path.



As the channel is a thoroughfare for boat traffic it would be practical to investigate the
influence of boat wave activity on the intertidal bank.



As there was a weak correlation between vegetation species and erosion along the
Comerong Island bank an investigation into the effects of vegetation and root density on
the stability of the bank would be informative.

6.2.10 Conclusions
Berrys Canal is an unstable system adjusting to a disturbance in the form of a change in
boundary conditions instigated in 1822 as a result of an excavation of a sand spit that separated
the Shoalhaven River System from the Crookhaven River System. Subsequently the integration
of these two river systems has resulted in significant erosion of the river banks due to an
increase of fluvial and tidal influences. Berry’s Canal is therefore still adjusting to a disturbance,
which occurred 190 years ago. This adjustment has meant that Berry’s Canal is a system
experiencing dynamic equilibrium creating erratic trends present in the gradual decrease in
rates of erosion. However the decrease in erosion rates over the last (how many years?) reflects
that the system is approaching a new equilibrium state. The channel will therefore continue to
erode at an erratic declining rate focussing where the thalweg meets the bank.
Erosion is focussed on the outer bend of the canal that is eroding Comerong Island banks and on
the northern and southern ends of Apple Orchard Island. This system will therefore continue to
erode the Banks of Comerong Island at declining rate. Given the size of the system and past
examples of the length of adjustment periods of estuary systems (30‐210 years) and other
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systems (months to millennia) it is entirely possible that the system may continue to adjust for
decades or centuries to come.
Through understanding the driving forces and resistance variables influencing the morphology
of Berry’s Canal, hydraulic forces, most likely tidal and high flow events, are responsible for the
general pattern of erosion along Berrys Canal. The variation in the rates of erosion reflects high
flow fluvial forces are influencing the adjustment of this system. This adjustment is most likely
to occur during small to medium floods when Shoalhaven Heads is closed.
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Appendix 1
Berrys Canal Cross‐sections (Public Work Department, 1988). Quantitatively compared to 2012
transects. Note the channel enlargement trend.

For more
detail see
following
image
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Appendix 2
Historical Surveys of Berrys Canal including bank positions in 1822, 1857, 1901, 1949, 1970
and 1984 (Public Works Department, 1988). Note the historical trends of channel enlargement.
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Appendix 3
Berrys Canal bank locations in 1949, 1984, 1993 and 2002 provided by the OEH.
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Appendix 4
Berrys Canal Hydrographic Survey Bathymetry and Sections Sheet 1‐3. Location and shape of the 1982 and 1992 PWD cross‐sections. Note the
general trend of channel enlargement.
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Appendix 5
Bank sample sheet for bank inventory
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